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La anemia de Fanconi es una enfermedad hereditaria de baja prevalencia, descrita por primera 
vez por el pediatra Guido Fanconi en 1927. Esta enfermedad se produce como consecuencia 
de mutaciones en cualquiera de los 19 genes de Fanconi descritos hasta la actualidad, y que 
participan en la ruta de Fanconi/BRCA. Esta ruta se encarga de la reparación de enlaces 
intercatenarios del ADN y de coordinar los distintos mecanismos de reparación de las dobles 
roturas en el ADN. La anemia de Fanconi está caracterizada por generar inestabilidad 
genómica, lo que da lugar a anomalías esqueléticas y predisposición al cáncer, si bien la 
principal causa de muerte de pacientes pediátricos es el fallo de médula ósea. 
Uno de los tratamientos alternativos al trasplante alogénico de progenitores hematopoyéticos 
de pacientes con anemia de Fanconi se basa en la reinfusión de células madre 
hematopoyéticas autólogas, tras su corrección con vectores lentivirales. Para limitar al máximo 
los riesgos de este tipo de terapias se están desarrollando nuevas tecnologías de edición 
génica basadas en la inserción dirigida de los genes terapéuticos. Esta nueva aproximación se 
fundamenta en la generación de dobles roturas en regiones específicas del genoma, cuya 
reparación por recombinación homóloga facilitaría la entrada de los genes terapéuticos 
aportados por ADNs donadores externos con homología por dicha región. 
En este trabajo se ha desarrollado una aproximación de edición génica en un nuevo “sitio 
seguro” del genoma denominado SH6. Para ello se ha trabajado con la línea celular HEK-293H, 
así como también con progenitores hematopoyéticos humanos purificados en base a la 
expresión del marcador CD34. Para su desarrollo se han utilizado nucleasas de edición, tales 
como meganucleasas y TALEN, en combinación con matrices donadoras portadoras del gen 
marcador EGFP (GM) o del gen terapéutico FANCA (TM). En todos los casos los genes 
marcadores y terapéuticos estaban regulados por el promotor EF1α, y flanqueados por dos 
brazos de homología para el sitio SH6. Estos plásmidos han servido como molde para realizar la 
terapia génica de edición en el sitio seguro SH6.  
Con objeto de optimizar la edición génica con las nucleasas seleccionadas se comenzó a 
trabajar en la línea celular HEK-293H que fue transfectada en primer lugar con la matriz  
portadora del marcador EGFP (GM) y dos meganucleasas con especificidad por el sitio SH6 
(SH6v2 y SH6v5). Se cuantificó el porcentaje de células que expresaban el transgén en cultivo a 
lo largo del tiempo, observándose en aproximadamente el 4% de las células se mantenía la 
expresión de la proteína EGFP. Se observó también que ambas meganucleasas eran capaces de 
generar integraciones específicas del donador GM en el sitio SH6 (hasta un 9,89%). Tras 
comprobar el establecimiento de pseudoclones positivos para esta integración específica, se 
verificó que la expresión del transgén se mantenía estable en el tiempo. Se obtuvieron, 
asimismo, resultados similares cuando se comparó la eficacia de la meganucleasa SH6v5 
respecto a la TALEN SH6.  
En experimentos posteriores comprobamos la generación de células editadas utilizando la  
matriz  terapéutica TM portadora del gen FANCA, junto con la meganucleasa SH6v5 o la TALEN 




SH6. Estos experimentos demostraron una mayor eficacia de la meganucleasa SH6v5, si bien 
esta eficacia fue siempre inferior a la obtenida con la matriz  portadora del gen EGFP, 
probablemente por su mayor tamaño. 
Una vez optimizada la edición génica en células HEK-293H, aplicamos nuestra aproximación 
experimental a progenitores hematopoyéticos humanos CD34+. En primer lugar se realizaron 
estudios en los que se determinó la dosis máxima de ADN con la que nucleofectar estas 
células, y se verificó su capacidad clonogénica después del proceso de nucleofección y 
separación de las células fluorescentes por FACS. Asimismo, se cuantificó la proporción de 
progenitores células primitivas después del tratamiento, y se seleccionó el mejor momento 
para la nucleofección con nucleasas en forma de ADN o ARNm. Puesto que la preselección de 
células EGFP+ tras la nucleofección no permitió generar colonias hematopoyéticas con 
inserciones en el sitio SH6, se realizaron nuevos experimentos en los que no se realizó ninguna 
preselección de la población nucleofectada. En estas condiciones, la nucleofección de las 
células CD34+ con 5 µg de ADN total de la SH6-TALEN y 4 µg del donador GM generó un 2,1% 
de colonias editadas; si bien también se observó una significativa citotoxicidad. La utilización 
del nuevo nucleofector 4D, o el uso de la TALEN SH6 como ARNm, modificada o sin modificar 
en su extremo 3´UTR no mejoró los resultados obtenidos. Finalmente, la nucleofección en el 
equipo AMAXA I de las células CD34+ con 10 µg de ADN total de la TALEN SH6 y 4 µg de la 
matriz  GM permitió obtener un 3,13% de colonias hematopoyéticas en las que se había 
insertado el gen marcador en el sitio seguro SH6. 
En conjunto, nuestros resultados sugieren que el sitio SH6 constituye un sitio seguro de interés 
para llevar a cabo terapia génica dirigida en progenitores y células madre hematopoyéticas 
humanas. Estas observaciones tienen un impacto particular para la terapia génica dirigida de 
enfermedades tales como la anemia de Fanconi, en donde la ventaja proliferativa de un 


























Fanconi anemia is an inherited disease of low prevalence that was first described by the 
pediatrician Guido Fanconi in 1927. This disease occurs as a result of mutations in any of the 
19 Fanconi genes so far described, and involved in the Fanconi/BRCA pathway. This pathway is 
responsible for the repair of the DNA interstrand cross-links and coordinates different repair 
mechanisms of DNA double strand breaks. Fanconi anemia is characterized by genome 
instability, and results in skeletal abnormalities and predisposition to cancer, although the 
main cause of death in pediatric patients is the bone marrow failure. 
One of the alternative treatments to allogeneic hematopoietic stem cell transplantation in 
Fanconi anemia patients is based on the reinfusion of autologous hematopoietic stem cells, 
after correction with lentiviral vectors. In order to minimize the risks of such therapies, new 
gene editing technologies based on the targeted integration of the therapeutic genes are 
under development. These new approaches are based on the generation of double strand 
breaks in specific regions of the genome that facilitates the homologous recombination of 
therapeutic genes provided by external DNA homology donors. 
In this work we have developed an approach for gene editing in a new "safe harbor" of the 
genome called SH6. To achieve this goal, we have worked with the HEK-293H cell line, as well 
as with purified human hematopoietic progenitors that expressed the CD34 marker. For this 
development, specific nucleases such as meganucleases and TALEN were used in combination 
with donor matrixes that carried the EGFP marker gene (GM) or the therapeutic FANCA gene 
(TM). In all cases the marker and therapeutic genes were regulated by the EF1α promoter, and 
flanked by two homology arms for SH6 site. These plasmids have served as templates for 
targeted gene therapy on the safe harbor SH6. 
In order to optimize the gene editing with the selected nucleases, HEK-293H cell line was 
transfected first with the matrix carrying the EGFP marker (GM) and two meganucleases 
specific for the SH6 site (SH6v2 and SH6v5). The percentage of cells expressing the transgene 
in culture over time was quantified and approximately 4% of cells maintained the expression of 
the EGFP protein. It was also observed that both meganucleases were able to generate specific 
integration of the GM donor in the SH6 site (up to 9.89%). After confirming the establishment 
of positive pseudoclones for this specific integration, it was verified that the transgene 
expression was stable over time. Similar results were also obtained when the efficacy of the 
SH6v5 meganuclease was compared to the SH6 TALEN. 
In subsequent experiments we evaluated the generation of edited cells using the therapeutic 
matrix TM carrying the FANCA gene along with the SH6v5 meganuclease or the TALEN SH6. 
These experiments demonstrated the higher efficacy of the SH6v5 meganuclease, although 
this efficiency was always lower than that obtained with the matrix carrying the EGFP gene, 
probably because of their larger size. 
Once we optimized gene editing in HEK-293H cells, we applied our experimental approach to 
human CD34+ hematopoietic progenitors. First, the highest doses of DNA to nucleofect these 




cells were determined. Also their clonogenic capacity after nucleofection process and 
separation of the fluorescent cells by FACS was verified. Thereafter, the proportion of primitive 
progenitor cells after treatment was determined, and the optimal time for CD34+ cells 
nucleofection with the nucleases, used either as DNA or mRNA, was selected. Since the 
screening of EGFP+ cells after nucleofection did not generate hematopoietic colonies with 
inserts in SH6 site, new experiments in which no pre-selection of the nucleofected population 
were performed. Under these conditions, the nucleofection of CD34+ cells with 5 µg of total 
DNA of TALEN SH6 and 4 µg of GM donor generated 2.1% of edited colonies; although a 
significant cytotoxicity was also observed in these experiments. The use of the new 
nucleofector 4D, or the use of SH6 TALEN as mRNA, modified or unmodified at its end 3'UTR, 
did not improve the results. Finally, the nucleofection with the AMAXA nucleofector I of CD34+ 
cells with 10 µg of total DNA of TALEN SH6 and 4 µg of GM matrix yielded 3.13% of 
hematopoietic colonies in which the marker gene was inserted in the safe harbor SH6. 
Taken together, our results suggest that the SH6 site is a relevant safe harbor locus to be 
considered in targeted gene therapy in human hematopoietic progenitors and stem cells. Our 
observations may have a particular impact for targeted gene therapy of diseases such as 
Fanconi anemia, where the proliferative advantage of a small number of corrected stem cells 






































1. FANCONI ANEMIA 
 
1.1 General characteristics of Fanconi anemia 
disease 
Fanconi anemia (FA) is a rare hereditary genetic disease that was described for the first time by 
the Swiss pediatrician Guido Fanconi in 1927. Fanconi anemia is suffered by 1-3 per 1,000,000 
habitants and thus is classified as a rare disease (Antonio Casado, Callen et al. 2007). FA is 
characterized by genome instability disorder that gives rise to skeletal abnormalities and 
cancer predisposition (D'Andrea and Grompe 1997), inducing acute myeloid leukemia (AML), 
myelodysplastic syndrome (MDS) and squamous cell carcinoma (SCC) in head, neck and oral 
cavities (Howlett, Taniguchi et al. 2005). However, the bone marrow failure (BMF) is the main 
characteristic of the disease and the main cause of mortality of the patients. 
This disease is caused by the mutation in any of the 19 genes that nowadays are known to be 
implicated in the FA/BRCA pathway. From these 19 genes, 15 are classified as bona fide FA 
genes following a stringent criteria in which at least two patients with BMF and a positive 
chromosome fragility test should be identified (FANCA, B, C, D1, D2, E, F, G, I, J, L, N, P, Q and 
T);Other 3 genes are known as FA-like genes, because they cause a chromosome fragility 
syndrome and FA related malformations but without BMF (FANCO, FANCR and FANCS). There 
are serious doubts if FANCM should be considered as a FA gene (Bogliolo and Surralles 2015) 
due to the fact that only a patient is known to carry this mutation, but in combination with 
biallelic FANCA mutation. Even more, both FANCM and FANCA genes are necessary for the full 
correction of the phenotype (Singh, Bakker et al. 2009) and the FANCM loss-of-function 
variants are more common than originally predicted because two individuals of Finnish 
descent with loss of FANCM function variants are healthy and exhibit normal hematology(Lim, 
Wurtz et al. 2014). All of the genes show an autosomal recessive inheritance, but not FANCB, 
which is linked to the X chromosome (Adam, Azoulay et al. 2003, Meetei, Levitus et al. 2004). 
All these genes are involved in the FA/BRCA pathway, required for the repair of the DNA 
interstrand cross-links (ICLs), and also to be a potential regulator of DNA repair pathways of 
double strand breaks (DSBs), including homologous recombination (HR) (Kee and D'Andrea 
2010, Bogliolo and Surralles 2015). 
The most common FA-gene mutated in Spain is FANCA, which is present in 80% of the 
diagnosed patients. Among them, there is an important proportion of gypsy patients who 
share an ancestral mutation in exon 4 (Callen, Casado et al. 2005, Antonio Casado, Callen et al. 
2007). 
1.2 The Fanconi anemia/BRCA pathway 
 
DNA is duplicated by DNA polymerases during the S phase of the cell cycle at multiple 
replication forks. Therefore, lesions in the DNA induced as ICLs could impair the replication 




process at these forks. The FA/BCRA pathway is essential for the repair of the ICLs. All the 
genes nowadays implicated in the FA-pathways and their complementation groups are 
represented in Table 1. All known FA proteins are classified in three groups as described below 
Figure 1: 
- Core complex 
 
Eight FA proteins (FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, and FANCM) form a 
nuclear complex (FANCore), characterized by having an ubiquitin E3 ligase that is activated by 
blocked DNA replication forks (Kennedy and D'Andrea 2005, Bogliolo and Surralles 2015). The 
heterodimer FANCM-FAAP24 is responsible for the recognition of the DNA damage (Ciccia, Ling 
et al. 2007) and its association with chromatin is mediated by proteins MHF1 and MHF2 
(histone fold protein 1 and 2) (Singh, Saro et al. 2010) and by the DNA damage signaling 
mediated by ATR (ataxia telangiectasia and Rad3-related) (Collis, Ciccia et al. 2008, Schwab, 
Blackford et al. 2010). Even if FANCM is not functional, the mismatch repair complex MutS is 
able to recognize DNA ICLs, due to its redundant activity, activating the FA-pathway (Huang, 
Kennedy et al. 2011), and although the consideration of FANCM as a bona fide FA-gene is in 
question, this protein is important in the FA-pathway playing a critical role and working in 
collaboration with other FA core members because the complex FANCM/FAAP24 works as a 
sensor that recognize DNA damage and recruits the FA core complex that will induce the 
monoubiquination of FANCD2/FANCI (Kee and D'Andrea 2010). 
Once FANCM/FAAP24 recognizes the DNA lesion, the core complex is recruited through the 
binding to FANCF. This core complex is constituted by two subcomplexes, FANCA/FANCG (in 
which FANCA is critical for the half-life of FANCG, that interacts with FANCF (Garcia-Higuera, 
Kuang et al. 2000) and with FANCB, and the FANCE/FANCF/FANCG/FANCC subcomplex. FANCB 
interacts with FANCL, which contains the PHD E3 ubiquitin ligase domain that will 
monoubiquinitate its two substrates: FANCD2 and FANDI, the “ID-complex” (Kennedy and 
D'Andrea 2005, Kee and D'Andrea 2010). 
- ID-complex 
 
The ID-complex is formed by the proteins FAND2 and FANCI, which are monoubiquinated by 
the E3 ubiquitin ligase domain of FANCL in cooperation with FANCT (UBE2T E2) 
(Smogorzewska, Matsuoka et al. 2007, Virts, Jankowska et al. 2015). This monoubiquinated ID-
complex moves onto chromatin and interacts with other DNA repair proteins, such as BRCA1 
or RAD51 and with other downstream FA-proteins (D1, J, N, O, P and Q) (Kennedy and 
D'Andrea 2005, Kee and D'Andrea 2012, Kottemann and Smogorzewska 2013). 
- Downstream proteins 
 
Once ID-complex has been monoubiquinated and has moved onto chromatin, it recruits 
several proteins involved in the ICLs repair, such as FAAN1 (FA-associated nuclease 1) and 
FANCP/SLX4 (FANCP) (D'Andrea and Grompe 1997, Crossan and Patel 2012). These proteins 
will recruit the downstream FA-proteins and other proteins involved in the DNA repair. 
FANCP/SLX4 works as a scaffold that will interact with three proteins (XPF, Mus81 and SLX1) 




that make incisions in both sides of the covalently linked nucleotides of the ICL. Thereafter, the 
Translesion synthesis (TLS) takes place; a damage tolerance process in which TLS polymerases 
extend the master strand and restores it so that could be used as a template for the HR (Chang 
and Cimprich 2009). The Homologous Recombination process involves the downstream FA 
proteins FANCD1/BRCA2, FANCJ/BRIP1, FANCN/PALB2 and FANCO/RAD51C, and maybe 
FANCP/SLX4, regulating MUS81 and SLX1 (Kottemann and Smogorzewska 2013). This process 
will repair the DSB using the homologous DNA strand repaired by TLS as a template to restore 
the DNA with a high fidelity. The last step is the repair of the formed adducts by Nucleotide 

































Figure 1: FA/BRCA pathway, constituted by all the proteins organized in three groups: The Core 
complex, the ID-complex and the downstream proteins, activated after ICLs lesions induced in the 
DNA by, for example, mitomycine (MMC) or dyepoxybutane (DEB) drugs. 




Gene % Locus Ub-D2/I Function Reference 
FANCA 64 16q24.3 Yes Scaffold for FA core complex 
(Fanconi anaemia/Breast 
cancer 1996, Lo Ten Foe, 
Rooimans et al. 1996) 
FANCB 2 Xp22.31 Yes Scaffold for FA core complex (Meetei, Levitus et al. 2004) 
FANCC 12 9q22.3 Yes Scaffold for FA core complex (Strathdee, Gavish et al. 1992) 
FANCE 1 6p21-22 Yes 
Scaffold for FA core complex and 
adaptor for FAND2 
(de Winter, Leveille et al. 
2000) 
FANCF 2 11p15 Yes Scaffold for FA core complex 




8 9p13 Yes Scaffold for FA core complex 




0.4 2p16.1 Yes 
FA core complex. Recruits 
FANCT/UBE2T. Monoubiquinates 
FANCD2 and I 
(Meetei, de Winter et al. 2003) 
FANCM 
HEF 
0.1 14q21.3 Yes 
Scaffold for FA core complex. 
DNA translocase. Critical for ATR 
activation during ICL repair. 
Predisposes to breast and ovarian 
cancer. 
(Meetei, Medhurst et al. 2005) 
FANCT 
UBE2T 
0.1 1q32.1 Yes 
FA core complex. Provides the E2 
conjugase activity to ubiquinate 
D2/I 
(Hira, Yoshida et al. 2015, 
Rickman, Lach et al. 2015, 
Virts, Jankowska et al. 2015) 
FANCD2 2 3q25.3 Yes 
Monoubiquinated by FANCL. 
Heterodimer with FANDI. Recruits 
FAN1 and FANCP 
(Timmers, Taniguchi et al. 
2001) 
FANCI 1 15q25-26 Yes 
Monoubiquinated by FANCL. 
Heterodimer with FANCD2 
(Dorsman, Levitus et al. 2007) 
FANCO 
RAD51C 
0.1 17q22 No 
HR. Interacts with RAD51. 
Predisposes to breast and ovarian 
cancer. 
(Vaz, Hanenberg et al. 2010) 
FANCP 
SLX4 
0.5 16p13.3 No 
Holiday junction resolvase, 
scaffold/regulator of XPF-ERCC1, 
MUS81-EME1 and SLX1. 




0.1 16p13.12 No 
Associates with ERCC1 to form 
FANCP/SLX4-dependent ICL 
unhooking nuclease. NER. 
(Bogliolo, Schuster et al. 2013) 




Gene % Locus Ub-D2/I Function Reference 
FANCD1 
BRCA2 
2 13q12-13 No 
HR. Recruits RAD51. Predisposes 
to breast and ovarian cancer. 




0.1 15q15.1 No 
Critical in HR, recombinase 
activity. Interacts with FANCs and 
D1. 
(Wang, Kim et al. 2015) 
FANCS 
BRCA1 
0.1 17q21 No 
HR. Interacts with D2/I complex 
and BRCA2-PALB2. Inhibition of 
NHEJ. Predisposes to breast and 
ovarian cancer. 
(Sawyer, Tian et al. 2015) 
FANCJ 
BRIP1 
2 17q22-24 No 
Interacts with BRCA1, HR: 5´-3´ 
DNA helicase, ATPase. 
Predisposes to breast and ovarian 
cancer. 
(Levitus, Waisfisz et al. 2005) 
FANCN 
PALB2 
0.7 16p12.1 No 
Mediates interaction BRCA1-
BRCA2 in HR. Predisposes to 
breast and ovarian cancer. 





1.3 Phenotype of Fanconi anemia cells 
 
Fanconi anemia is caused by mutations in any of the FA genes showed in Table 1. However, 
there is controversy about the origin of its phenotypic manifestation. These manifestations 
could be due to the defect of the repair of the ICLs-DNA damage that gives rise to an 
accumulation of DNA damage and genomic instability. Additionally this phenotype could be 
originated by the imbalance in the oxygen metabolism and to an increase in the oxidative 
stress. Most probably the combination of these two circumstances may be the origin of the FA 
phenotype (Pallardo, Lloret et al. 2010, Pagano, Talamanca et al. 2013). 
Since FA cells have a characteristic defect in the repair of ICLs, the use of crosslinking agents as 
mitomicyn c (MMC) or dyepoxibutane (DEB) is particularly toxic for FA cells due to the 
accumulation of chromosomal aberrations. This property is thus used for the diagnosis of the 
disease (Schuler, Kiss et al. 1969, Auerbach, Rogatko et al. 1989, Castella, Pujol et al. 2011).  
FA cells present defective ex-vivo growth properties and low clonogenic capacity due to the 
imbalance in the oxygen metabolism (Joenje, Arwert et al. 1981, Saito, Hammond et al. 1993), 
originating oxidative stress. Some FA-proteins (as for example: FANCA, C, G, D2 and J) are 
suggested to be implicated in both the FA-pathway and in the redox detoxification metabolism 
Table 1: Fanconi anemia genes are represented in this table with their location in the 
genome, other denominations and main function and activities that they perform. 




(Zhang, Sejas et al. 2007). Recently a defective mitochondrial function that produces a 
defective cellular energy metabolism has been studied in FA-A cells (Ravera, Vaccaro et al. 
2013). FANCD2 also participates in oxygen damage response and FANCJ can inhibit the oxygen 
damage sensor hemoxigenase 1 (Pagano, Talamanca et al. 2012). 
The accumulation of blocked DNA forks induced by ICL drugs like MMC or DEB, induce a cell 
cycle arrest in G2/M (Kennedy and D'Andrea 2005). The apoptosis is increased in FA cells due 
to the production of pro-apoptotic cytokines as interleukin 6 (IL-6), tumor necrosis factor alpha 
(TNFα), interleukin 1β (IL-1β) or interferon gamma (IFNγ), and also to the hypersensitive of FA 
cells to these molecules. The homeostasis of hematopoietic stem cells (HSCs) and their 
progeny is severely affected as well as their proliferation properties and their differentiation in 
the bone marrow niche thus leading to the BMF characteristic of FA patients(Du, Erden et al. 
2014). The homing and adhesion of these cells are affected due to the CDC42 and CXCR5 





1.4 Diagnosis, complementation groups and 
conventional treatments 
 
Although many FA patients present a common symptomatology, the clinical manifestations of 
the disease are highly variable. The correlation between the mutation and phenotype of each 
patient has been tried to be evaluated. However, only a few incidences have been stablished, 
because this association is modulated by the context, the age and other genetic alterations 
potentially affecting the phenotype of these patients (Neveling, Endt et al. 2009). 
Figure 2: The panel (a). shows all the clinical characteristics of FA patients, all of them with 
incomplete penetrance. In (b) the main cellular consequences of the defective DNA repair 
mechanisms in FA cells are shown. Picture from Bogliolo et al. 2015 (Bogliolo and Surralles 2015). 






The first differential test that was performed for FA patients is based on the cell exposure to 
ICL agents, such as MMC and DEB. After the exposure the presence of chromosomal breaks is 
studied (Auerbach, Rogatko et al. 1989). Also the G2/M arrest in MMC-treated cells is used, 
particularly in cultured fibroblasts. 
In some patients an spontaneous recovery of the BMF can take place. The cause of this 
phenomenon, known as somatic mosaicism, is the generation of additional spontaneous 
mutations that can repair one of the affected alleles in hematopoietic precursors, now able to 
produce a functional FA protein. If this reversion of the mutation takes place in a HSC, it will be 
able to restore the hematological parameters by clonal expansion thanks to its proliferative 
advantage, replacing the FA-defective cells in the bone marrow. This phenomenon is 
considered a “Natural gene therapy” (Gross, Hanenberg et al. 2002, Antonio Casado, Callen et 
al. 2007). 
 
- Complementation groups 
 
Once the FA diagnosis is confirmed, it is convenient the identification of the mutatet FA gene 
that accounts for the disease. To this aim, peripheral blood T-cells can be transduced with 
different viral vectors (γ-retroviral or lentiviral) encoding a different FA-gene. The FA gene that 
corrects the hypersensitivity to MMC indicates the FA complementation group. In case that 
none of these most common FA genes correct the phenotype, Western Blot (WB) of FANCD2 
can be performed to elucidate if the mutated gene is upstream or downstream in the FA 
pathway (Antonio Casado, Callen et al. 2007). 
More recently, the development of massive sequencing approaches are facilitating the 
identification of the FA genes, and also of their specific mutation, according for the disease of 
most FA patients (Chandrasekharappa, Lach et al. 2013). 










- Conventional treatment 
 
The conventional treatments of FA patients include the use of pharmacological therapies. For 
example, growth factors as interleukin-3 (IL-3), erythropoietin (EPO), granulocyte-macrophage 
colony-stimulating factor (rhGM-CSF) or granulocyte colony-stimulating factor (rhG-CSF) 
aiming to increase the levels of the hematopoietic cells. Nevertheless, because the use of 
these growth factors could give rise to cell transformation, patients are not frequently treated 
with these molecules (Dufour and Svahn 2008). 
Androgen therapy is frequently used in the initiating stages of the BMF. Most patients (75%) 
have a positive response to this treatment. Oxymetholone has been frequently used, although 
its long-term use can generate significant side effects. Danazol is a synthetic androgen 
derivative that has been also used in the last years with lower toxicity and similar efficacy 
(Velazquez and Alter 2004, Scheckenbach, Morgan et al. 2012). 
Patient with a suspicion of FA








Fanconi anemia go to: Step 2A
Somatic mosaicism go to: Step 2B
No Fanconi anemia
Step 1
Step 2A: retroviral subtyping in PB:+FANCA/C/G



























Figure 3: This scheme represents a four step procedure to diagnose FA-patients. In Step 1 the 
sensitivity of T-cells to MMC and DEB is measured. In the Step 2 the patients are subtyped using γ-RV 
carrying most of the FA-genes. Once the most common genes are elucidated to not account for the 
disease, in step 3 is evaluated if the mutated gene is up or downstream of the FA-pathway. Finally, in 
step 4, the involvement of the less common mutated FA-genes is studied. Picture modified from 
Casado et al. (Antonio Casado, Callen et al. 2007). 
 




When the BMF is severe, blood transfusions are necessary although they constitute a limiting 
factor for the success of hematopoietic stem cell transplantation (HSCT). HSCT is the only 
therapy proven to be functional to restore the hematopoiesis of FA patients. The success of 
this therapy is particularly high in patients with less than 10 years old without expansions of 
aberrant clones (MacMillan and Wagner 2010, Svahn and Dufour 2011, Peffault de Latour, 
Porcher et al. 2013). Ideal donors are HLA-matched sibling donors, where the risk of graft-
versus-host disease (GVHD)is lower (MacMillan and Wagner 2010, Peffault de Latour, Porcher 
et al. 2013). In the last years, the use of fludarabine in the conditioning regimen improved the 
outcome of HLA-matched related and also unrelated donors (Tan, Wagner et al. 2006). Also, 
the use of T-cell depletion has decreased the GVHD incidence (Deeg, Socie et al. 1996, 
Guardiola, Socie et al. 2004, Bonfim, de Medeiros et al. 2007, MacMillan, DeFor et al. 2015). 
The infusion of megadoses of HSC and the use of reduced intensity conditioning also improved 
the success in transplanted FA-patients (Zecca, Strocchio et al. 2014). 
When FA-patients lack a HLA-compatible donor, the selection of healthy HLA-identical pre-
implantational embryos constitutes a new experimental approach considered in the therapy 
of FA. In this case, healthy embryos that are HLA-identical to the FA patient are selected and 
implanted in the mother. HSCs from the umbilical cord blood of from the BM of these childs 
could be thus transplanted to the FA sibling. However, only a few numbers of patients have 
been treated by this very expensive and inefficient method (Bielorai, Hughes et al. 2004, 
Grewal, Kahn et al. 2004).  
 
2. GENE THERAPY 
 
 
Gene therapy (GT) is a novel and promising therapy based in the transfer of nucleic acids (DNA 
or RNA) to treat or prevent human diseases (Kaufmann, Buning et al. 2013). For this purpose 
integrative or not integrative viral vectors are used. This therapy can be performed either in 
vivo or ex vivo, but in the case of hematopoietic GT, the approaches that are more frequently 
used are ex vivo because cells obtained from the patient can be directly exposed to the vector 
and then re-infused after the correction. Nowadays this approach is preferred to in vivo 
therapy mainly to improve the transduction efficacy of the HSCs.  
Gene therapy has shown clinical efficacy in a variety of monogenic diseases as the adenosine 
deaminase-severe combined immunodeficiency (ADA-SCID), Wiskott-Aldrich syndrome (WAS), 
chronic granulomatous disease (CGD), adrenoleukodystrophy, metachromatic leukodystrophy 
and hemoglobinopathies (Table 2). 
 

















γ-RV Italy (18), USA (14) 







(Stephan, Wahn et al. 
1996, Aiuti, Cattaneo et al. 
2009, Gaspar, Cooray et al. 
2011, Candotti, Shaw et al. 
2012) 












-ALL in 5 
patients, 1 dead 
(Hacein-Bey-Abina, Le 
Deist et al. 2002, Chinen, 
Davis et al. 2007, Hacein-
Bey-Abina, Garrigue et al. 
2008, Howe, Mansour et 
al. 2008, Hacein-Bey-
Abina, Hauer et al. 2010, 
Gaspar, Cooray et al. 
2011) 
SIN γ-RV UK, France, USA (8) None Unpublished (Hacein-Bey-Abina, Pai et 
al. 2014, Touzot, Moshous 
et al. 2015) 
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(Malech, Maples et al. 
1997, Goebel and Dinauer 
2003, Ott, Schmidt et al. 
2006, Bianchi, Hakkim et 
al. 2009, Kang, Choi et al. 
2010, Stein, Ott et al. 
2010, Bianchi, Niemiec et 
al. 2011, Kang, 
Bartholomae et al. 2011) 
LV UK, Switzerland, 
Germany, France, 
USA 
Busulfan On going - 
SCD SIN LV USA Busulfan Ongoing - 
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(Boztug, Schmidt et al. 
2010, Braun, Boztug et al. 
2014) 
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Castiello, Scaramuzza et al. 
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Gene therapy can be performed following different strategies depending on the disease to 
treat: 
Gene substitution: It consists in the replacement of the defective gene by the corrected gene 
mediated or the substitution of the mutated nucleotides for the correct ones by HR. 
Gene addition: A healthy copy of the defective gene, whose expression frequently is 
controlled by an exogenous promoter, is introduced in the target cells. This strategy can be 







 Vector Patients Conditioning 
regime 
Outcome References 
Table 2: The table summarizes the clinical trials carried in monogenic in hematological and immune 
diseases. ADA: Adenosine deaminase; SCID-X1: X-linked severe combined immunodeficiency; CGD: 
chronic granulomatous disease; SCD: sickle cell disease; MLD: metachromatic leukodystrophy; WAS: 
Wiskott Aldrich syndrome; B-Thal: β-thalassemia; FA: Fanconi anemia; X-ALD: X-linked 
adrenoleukodystrophy; SIN LV: self-inactivating lentiviral vector; RV: retroviral vector; T-ALL: T cell 
acute lymphoblastic leukemia; ERT: enzyme replacement therapy. Modified from Kauffman 2013 
and Ghosh 2015 (Kaufmann, Buning et al. 2013, Ghosh, Thrasher et al. 2015). * The first two patients 
will not receive conditioning. 




Gene suppression:  in order to eliminate or reduce the expression of a protein, the target gene 
is eliminated or reduced by knocking-out (gene targeting) or knocking-down (using mRNA 
interference) strategies, respectively. 
 
 Other considerations of the Gene Therapy 
- The Vector and the transgene 
 
The vector is one of the most critical tools in GT, since it is the most frequent system employed 
to introduce the DNA or RNA into the cells in a safe and efficient way. In HSC diseases, the γ-
retroviral (γ-RV) and lentiviral vectors (LV) are the vectors most commonly used both in 
preclinical and clinical studies. 
The size of the therapeutic gene is another very important parameter due to not all the viral 
vectors are able to carry large sequences of DNA. In most cases an internal promoter is added 
to induce an efficient and stable expression of the transgene. Depending on the target cells, 
the promoter can be specifically designed. Depending on the viral vector (γ-RVs or SIN-LVs), 
the integration can be favored in different regions of the cell genome, and this would mediate 
different epigenetic modifications in the genome that could affect the expression of the 
transgene (Ellis 2005). 
 
- The Target cells 
 
The hematopoietic system is a hierarchical system in which a few number of primitive cells 
called hematopoietic stem cells (HSCs), are able to generate a huge number of more 
differentiated cells of the hematopoietic system: blood, BM, liver, spleen, thymus, lymph 
nodes and accessory lymphoid tissues.  
These HSCs, are characterized by their capacity for self-renewing and for generating different 
cell types. These cells types belong to two main lineages: lymphoid, which corresponds to the 
adaptive and innate immune system (T, B and natural killer cells), and myeloid, responsible for 
the innate immune response, oxygen transport and hemostasis (granulocytes, monocytes, 
erythrocytes and megakaryocytes/platelets). In order to characterize the HSCs in preclinical 
studies, xenotransplant models consisting in the transplant of human cells into 
immunodeficient mice are frequently performed. These human hematopoietic precursor that 
are able to repopulate hematopoiesis of a SCID mouse are called SCID repopulating cells (SRCs) 
(Kamel-Reid and Dick 1988, McCune, Namikawa et al. 1988). The CD34 marker was defined as 
a reliable marker of SRCs (Civin, Trischmann et al. 1996, Larochelle, Vormoor et al. 1996). 
Other subpopulations have been identified with higher SRC capacity, such as the CD34+CD38- 
(Bhatia, Bonnet et al. 1998, Guenechea, Gan et al. 2001). Other studies have identified 
additional HSC populations: cells with capacity to repopulate immunodeficient mice in the 




short term (short term SRCs) or in the long term (long term SRCs) (Guenechea, Gan et al. 2001, 





For all the previous reasons, the ideal target cell to perform GT would be these primitive HSCs, 
which capacity to long term repopulate in the all lineages of the hematopoietic system. 
 
- The efficiency of transduction and the selective advantage 
 
The efficiency of the gene delivery is a very important parameter for the success of the GT. In 
this respect, the number and quantity of the HSCs to be transduced becomes critical. A low 
number of corrected HSCs will increase the probabilities of engrafting the patient with a 
recovered Hematopoietic system. For this reason, the type of vector and its transduction 
efficiency are critical for the success. In some cases the corrected cells acquire proliferative 
advantage, which means that a few precursor cells would be able to proliferate and restore 
the Hematopoietic system. This is for example the case of X1-SCID (Kaufmann, Buning et al. 
2013) and FA (Navarro, Rio et al. 2015) 
 
















Figure 4: Current model of lineage determination in the human hematopoietic system hierarchies. 
Picture modified from Doulatov et al. (Doulatov, Notta et al. 2012). 
 







This is related with the response that the immune system of the patient may exert against the 
transgene or certain proteins of the capsids of the viral vectors. Several studies are being 
performed to decrease this reaction against the proteins of the capsid, something that is 
particularly relevant in this GT approaches (Bessis, GarciaCozar et al. 2004, Annoni, Goudy et 
al. 2013, Masat, Pavani et al. 2013). 
 
- Insertional genotoxicity 
 
This is an essential factor to be considered when performing GT with integrative vectors. The 
effects induced by these vectors have been extensively studied in HSCs from humans and mice, 
due to the insertional oncogenesis effects observed in human clinical trials that can activate 
protoncogenes due to enhancers or aberrant splicing of the transcript of the vector (Modlich, 
Navarro et al. 2009, Montini, Cesana et al. 2009). For this reason, the design of the viral vector 
is critical, taking into account the different mechanisms of integration used by these vectors, 
being this pattern safer in LVs (Montini, Cesana et al. 2006, Nienhuis, Dunbar et al. 2006, 
Modlich, Navarro et al. 2009, Montini, Cesana et al. 2009). Both γ-RV and LV integrate in 
transcriptionally active areas (De Palma, Montini et al. 2005). Consequently, these vectors 
have been modified, with self-inactivating (SIN) Long Terminal Repeats (LTRs) (Modlich, Bohne 
et al. 2006, Montini, Cesana et al. 2006, Montini, Cesana et al. 2009). Furthermore, the use of 
weak or tissue specific promoters (Modlich, Navarro et al. 2009) and insulators (that protect 
surrounded genes from the vector influence) have increased the safety of these vectors. 
The prolonged ex vivo manipulation of the HSCs and the composition of the culture media are 
important too, since long incubation periods limit the engraftment capacity of the HSCs 
(Maetzig, Brugman et al. 2011). 
 
 Gene Therapy in Fanconi anemia 
 
Ex vivo GT, has been proposed in FA patients based on different observations: the existence of 
mosaic patients, that have suffered a spontaneous mutation in the defective FA-gene in a HSC, 
reverts the existence of a proliferative advantage in corrected FA HSCs. So, if we manage to 
introduce a healthy copy of the defective gene in a limited number of HSCs, the BMF may 
progressively be restored. This phenomenon distinguishes FA from other monogenic diseases 
treated with GT, since it suggested the possibility of engraftment in the hematopoietic system 
of the patient even without conditioning.(Navarro, Rio et al. 2015). Additionally the good 
results that gene therapy has shown in the monogenic diseases strongly suggest that a similar 




approach will be also efficient and safer for FA patients without an HLA-identical donor (Rio, 
Meza et al. 2008). 
Two studies have been performed in FA patients with autologous CD34+ cells transduced with 
γ-RVs (FA-A and FA-C patients). However, no clinical benefits were obtained from this 
treatments (Liu, Kim et al. 1999, Walsh, Fu et al. 2001, Kelly, Radtke et al. 2007). In one of 
them, three pediatric patients and one adult FA patients were treated. CD34+ cells were 
transduced ex vivo and very low numbers of transduced cells (0.01-1.9 x 106 CD34+ cells/kg 
body weight) were infused. Transduced cells were detected in very low numbers but no clinical 
benefits were observed, although neither allergic or anaphylactic reactions nor replication-
competent retrovirus were observed (Walsh, Fu et al. 2001). In the other study, a first clinical 
trial was performed and focused in the collection of a significant number of CD34+ cells, being 
the goal of 2 x 106 CD34+ cells/kg future weigh in 5 years. Three of the four patients of the 
study achieved > 80% of cells. With respect to the GT trial, the infusion was safe and well 
tolerated by the patients and showed transient improvements in blood cells counts, but the 
BMF was not restored. The authors conclude that higher numbers of transduced CD34+ cells 
and improved transduction rates would be necessary to achieve clinical benefit (Kelly, Radtke 
et al. 2007). 
The critical point in FA GT that constitutes a handicap with respect to the diseases is that the 
number of HSCs in FA patients is significantly lower. Defects in pluripotent stem cells have 
been studied in FA-induced pluripotent stem cells (iPSCs) and in embryonic stem cells with 
downregulated FA-genes (Raya, Rodriguez-Piza et al. 2009, Tulpule, Lensch et al. 2010, Muller, 
Milsom et al. 2012, Yung, Tilgner et al. 2013, Suzuki, Niwa et al. 2015). A lower number of HSC 
have been found in BM and in PB of FA patients in comparison to healthy donors, and studies 
in FA mouse models have shown defects in the repopulation potential of HSCs (Rio, Navarro et 
al.). Due to this low number of HSCs present in the BM of FA patients, particularly in advanced 
stages of the disease, the collection of CD34+ cells is challenging. Consequently, several studies 
are being performed to improve the number of HSCs, for example by collecting umbilical cord 
blood (UCB) samples (Navarrete and Contreras 2009) and bye mobilizing the HSCs to 
peripheral blood (PB) with G-CSF and perixaflor (Pulliam, Hobson et al. 2008). A clinical trial 
has been opened (EudraCT number 2011-006197-88) to obtain higher doses of mobilized 
CD34+ cells in FA patients in Spain (Navarro, Rio et al. 2015). 
In order to improve the transduction efficiency with the therapeutic gene, culture times have 
been reduced (Jacome, Navarro et al. 2006) and new vectors (SIN-LVs) have been generated 
(Gonzalez-Murillo, Lozano et al. 2010). 
Our lab obtained the Orphan Drug designation in 2010 by the European Commission (EU 
3/10/822) for a SIN LV vector developed by Gonzalez-Murillo et al. (Gonzalez-Murillo, Lozano 
et al. 2010). A Phase I/II Gene Therapy Trial for FA-A patients, the most common in Spain, 
(Antonio Casado, Callen et al. 2007), has been recently approved. The aim of this clinical trial is 
to improve the clinical efficacy of the GT in FA. 
An International FA Gene Therapy Working Group was constituted in 2011 in order to set up 
the necessary conditions to improve the efficacy and the safety in future FA clinical trials 
(Tolar, Becker et al. 2012). 




3. TARGETED GENE THERAPY 
 
Although, as LV mediated GT is offering new clinical data demonstrating the safety and efficacy 
of this new therapy in monogenic diseases, new approaches would further improve the safety 
the gene therapy in the genome. Targeted GT consists in the integration, interruption or 
replacement of specific genes or nucleotides in the cells genome.  
The main approach used for targeted gene therapy is based on the aim exploiting the natural 
HR DNA repair mechanism of the cell. HR is a very accurate DNA repair mechanism that uses 
the sister chromatid as template to repair DSBs. HR-based gene therapy strategies were 
started in the 1980s, using DNA donors flanked by long arms with homology to the target locus 
(Capecchi 1989). However, the probability of inducing the specific insertion of the exogenous 
sequence in the target site (genetic edition) was very low, around 10-6 (Cathomen and Joung 
2008). For this reason several improvements have been made, the most important was the 
development of engineered nucleases able to recognize and to induce DSBs in a target site, 
with the consequent activation of the HR, and thus of gene editing (Figure 5). 
Although the transfer of designed nucleases together with a donor template can increase the 
efficiency of the process, HR is not as frequent as other DSB repair mechanisms such as the 
non-homologous end-joining (NHEJ). This is an error prone mechanism that binds the two ends 
originated in the DSB, without the use of any template. If the NHEJ fixes the breakage, 
insertions and/or deletions can be introduced in the target site (Figure 5). The HR process is 
more frequent during the S and G2 phases of the cell cycle, so this process takes place more 
frequently when cells are proliferating, and its permissiveness varies with the cell type (Ciccia 
and Elledge 2010). 
There are several applications using both DNA repair mechanisms. If NHEJ takes place, 
mutations and deletions (INDELs) could be introduced in the target site. This has a particular 
application for the stable disruption of specific target genes (Ciccia and Elledge 2010). When 
homologous repair (HR) takes place, three strategies of gene editing can be approached 
(Figure 5): 
1. Gene correction: this strategy facilitates to replace specific nucleotides mutated in a 
gene for the correct ones. The advantage of this method is that the expression of the wt 
gene is restored under its endogenous promoter, but it should be designed for each 
specific mutation, so it is not useful when a disease can be originated by multiple 
mutations. 
2. Gene targeting in a Safe Harbor (SH): This consist in the introduction of the 
cDNA of a therapeutic or reporter gene, into sequences of the genome that do not play a 
significant role in the cell. In many cases the expression of the transgene is controlled by 
an exogenous promoter. If the SH is a genomic desert the expression the transgene could 
be low. The main advantage is that potentially any disease originated by any mutation 
could be treated with the same nuclease, just modifying the therapeutic gene in the 
donor. 




3. Targeted Knock in insertions: In this case the cDNA of a therapeutic gene is 
introduced upstream the mutated sequence of a gene. In this case the endogenous 
promoter will control the expression of the corrected gene. With the same nuclease all 








3.1 Engineered nucleases 
 
Although the efficiency of targeted gene editing mediated by HR is very low, around 10-6 
events, several studies have reported that HR can be enhanced by introducing DSBs at the site 
of the desired recombination event (Rouet, Smih et al. 1994, Smih, Rouet et al. 1995). For 
these reasons important efforts have been made to set up a good platform to induce targeted 
DSBs, by engineered nucleases. 
Engineered nucleases
Genome: gene or SH
Gene 
Knock-out
Dysruption by NHEJ Insertion by HDR
- Gene correction
- Targeted Knock in
- Targeted insertion in SH
Figure 5: Scheme representing the two main mechanisms involved in the DSBs repair of engineered 
nucleases induce DSBs in a target site of the genome. Thereafter, if the break is repaired by NHEJ 
INDELs could be introduced in the genome generating gene mutations. When HR takes place with a 
donor template the therapeutic sequence could be integrated, inducing gene correction, or targeted 
insertion in specific genes (knock-in) or in Safe Harbor loci (SH). 
 




 Types and characteristics of the engineered 
nucleases 
 
In the last years, several types of engineered nucleases have been developed due to the 
importance of the genetic manipulation of higher eukaryotic cells in applied biology. 
Engineered nucleases are artificial proteins that that contain a DNA binding domain that 
recognizes specific sequences in the genome, and a nuclease domain (Naldini 2011, 
LaFountaine, Fathe et al. 2015). Four engineered nucleases are the most frequently used in 
gene editing technologies: 
 
- Zinc-Finger Nucleases (ZFN) 
 
ZFN are artificial fusion proteins composed by a zinc finger DNA binding domain linked to a 
nonspecific nuclease domain (Figure 6). These proteins were originally named chimeric 
restriction enzymes and were first developed by Chandrasegaran and coworker (Kim, Cha et al. 
1996, Chandrasegaran and Smith 1999).  
The nonspecific nuclease domain is a type IIS nuclease domain of the restriction enzyme Fok-I 
(Kim, Cha et al. 1996), and its cleavage activity requires dimerization. For this reason, in order 
to induce the DSB in the genome, ZFNs are designed as a pair of monomers of ZFN in reverse 
orientation (the ZFN has DNA binding domains surrounding the target site). The DNA binding 
domain of each monomer is constituted by tandem repeats of C2H2, each of them containing a 
Zn+ that interacts with a of 3 bps target in the DNA. Up to six fingers are modularly assembled, 
with some nucleotides separating the fingers, to generate the ZFN monomer with a specific 
target site (targeting 9-18 nucleotides), giving rise to a ZFN able to target 18-36 nucleotides. An 
amino acid linker binds the DNA binding domain with the nuclease. Both monomers, after 
dimerization, are separated by a “spacer” sequence (Porteus and Carroll 2005, Urnov, Rebar et 






The first experiments in which the best conformation of the ZFN was verified were conducted 
in the Xenopus laevis oocyte system (Bibikova, Carroll et al. 2001). The first genomic locus to 
be successfully targeted with ZFNs was the yellow gene of the fruit fly D. melanogaster, by 
Figure 6: Zinc-Fingers Nucleases binding their target site in the genome and the nuclease FokI. 
Picture from the commercial brochure of ONA Bio. 
 




Bibikova and collaborators (Bibikova, Golic et al. 2002, Bibikova, Beumer et al. 2003). The first 
demonstration of gene targeting with ZFNs in human somatic cells aimed to disrupt the GFP 
reporter gene in HEK-293 cells (Porteus and Baltimore 2003). Since then, ZFNs have been 
applied in several approaches, including gene disruption, gene corrections and gene addition in 
mammalian somatic and embryonic cells (Urnov, Rebar et al. 2010). Genovese et al. were the 
first team performing HR experiments using ZFNs in human CD34+ cells. They manifest the 
difficulties of targeting these primitive cells, but finally these targeted CD34+ cells from healthy 
donors and X-linked severe combined immunodeficiency (SCID-X1) patients were targeted by 
reporter and the therapeutic IL2RG gene. These targeted cells sustained normal hematopoiesis 
and gave rise to functional T cells with selective growth advantage compared to T cells carrying 
the genetic defect (Genovese, Schiroli et al. 2014). Another paper, published by Hoban et al., 
reported gene targeting in CD34+ cells. They used ZFNs to correct the point mutation that 
originates the sickle-cell disease (SCD) in human CD34+ cells and HSCs. These modified cells 
maintained the repopulating capacity of these cells in NOD/SCID/IL2rγnull (NSG) mice, 
originating cells of all the hematopoietic lineages in these animals (Hoban, Cost et al. 2015). 
 
- CRISPR/Cas9 system 
 
The CRISPR/Cas (Clustered regularly interspaced short palindromic repeats-CRISPR-associated 
proteins) modules are adaptive immunity systems that are present in many archaea and 
bacteria. They act against invading genetic elements such as viruses and plasmids (Karginov 
and Hannon 2010, Makarova, Haft et al. 2011). Although ten different CRISPR/Cas systems 
have been described so far, the type II CRISPR/Cas9 system (CRISPR/Cas9) is the most recent 
mechanism to induce DSB in the genome. This system is formed by the nuclease protein Cas9 
which possess two catalytic domains, Ruv and HNH, that cleave the two strands in the DNA, 
guided by the trans-activating CRISPR RNA (tracrRNA):CRISPR RNA (crRNA) duplex (Figure 7). 
The crRNA is complementary to the target site in which the Cas9 will cleavage (Chylinski, Le 
Rhun et al. 2013, Gasiunas and Siksnys 2013). The dual trackRNA:crRNA was further developed 
as a single-guide RNA (sgRNA) for genome engineering that contains the 5´ end 20-nucleotide 
sequence determining the DNA target site according to Watson-Crick base pairing and 3´ end 
double-stranded structure binding Cas9 (Jinek, Chylinski et al. 2012). This sgRNA will guide the 
CRISPR-Cas9 to any DNA target sequence with an adjacent protospacer-adjacent motif (PAM) 
DNA sequence, composed of three bp, NGG or NAG, just changing the sgRNA sequence. The 
sgRNA and the Cas9 can be delivered separately, confering the CRISPR/Cas9 system a high 
versatility due to the possibility of targeting different loci at the same time. As happens with 
other designed nucleases, several studies have shown that the CRISPR/Cas9 could tolerate 
some mismatches between the sgRNA and the target sequence in the DNA. (Cong, Ran et al. 
2013, Fu, Foden et al. 2013, Hsu, Scott et al. 2013). 








The two first works in which the CRISPR/Cas9 system was used in gene editing were published 
in 2013. In the first one, Mali et al. used this system to target the AAVS1 locus in 293T, K562 
cells and human iPSCs (Mali, Yang et al. 2013). Cho et al. used the CRISPR/Cas9 to target 293T 
cells in comparison with ZFNs and TALENs (Cho, Kim et al. 2013). Since then, more than 520 
studies have been published with this system, see revision (LaFountaine, Fathe et al. 2015, 
Yang 2015). The CRISPR/Cas9 system has been used for the efficient genome engineering in 
other organisms such as Drosophila (Gratz, Cummings et al. 2013), Caenorhabditis elegans 
(Friedland, Tzur et al. 2013), Axolotl (Flowers, Timberlake et al. 2014), Xenopus tropicalis 
(Nakayama, Fish et al. 2013), rat (Hu, Chang et al. 2013), pig 26554 and cynomolgus monkey 
(Niu, Shen et al. 2014). The use of this system has markedly improved the generation of 
transgenic mice both in time and possibilities. For example the coinjection of Cas9 and sgRNAs 
targeting different genes into mouse zygotes have generated mutant mice with biallelic 
mutations (Wang, Yang et al. 2013). By the inclusion of a mutant oligo nucleotide, gene 
knocking mice carrying precise point mutations of two genes have been also generated (Yang, 
Wang et al. 2013). Additionally, by co-injecting the two-component transcriptional activator 
including an inactive “nuclease-dead” Cas9 protein fused to a transcriptional activation domain 
and sgRNAs, multiplexed activation of endogenous genes can be obtained (Cheng, Wang et al. 
2013). Even a Cre-dependent Cas9 knocking mouse has been generated that could facilitate 
the generation of mutant mice just by injecting sgRNAs (Platt, Chen et al. 2014). Finally, 
CRISPR/Cas9 has been also used to the treatment of several monogenic diseases, including X1-
SCD (Xie, Ye et al. 2014), Duchenne muscular dystrophy (DMD) (Li, Fujimoto et al. 2015), and 
coronary heart disease (Ding, Strong et al. 2014), among others. 
 
- Meganucleases (MNs) 
 
MNs, also called homing endonucleases (HEs), can be classified in five families based on 
sequence and structure motifs. The best studied family is that of the LAGLIDADG proteins, 
which are present in all kingdoms of life and most of them coded by introns or inteins. They 
are highly specific endonucleases that recognize and cleave the exon-exon junction sequence, 
that range from 14 to 40 bp in length, wherein they resides, a fact that gives them the name of 
Figure 7: The image obtained from http://www.addgene.org/crispr/jounglab/, shows the 
CRISPR7Cas9 system bound to its target DNA in the genome. 
 




HE (Silva, Poirot et al. 2011). In 1997 two groups from this family highlighted, with the 
structure of both single-motif protein (I-CreI) (Heath, Stephens et al. 1997) and an intein-
encoded double-motif protein (PI-SceI) (Duan, Gimble et al. 1997). Although several hundred 
of natural MNs have been identified, their targets sites do not contain all the genome 
sequences, making so difficult to find a MN targeting a target site of interest. For this reason, 
the specificity of these natural MNs has been modified by mutations in the residues of their 
binding domain that then are fused to create engineered MNs by a very complex process. After 
the engineering, MNs are studied by a functional screening. (Chen and Zhao 2005, Arnould, 
Chames et al. 2006, Doyon, Pattanayak et al. 2006, Silva, Belfort et al. 2006, Delacote, Perez et 
al. 2013). One of the positive aspects of MNs is their low toxicity in mammalian cells (Rouet, 
Smih et al. 1994). The extensive characterization of an engineered I-CreI derivative cleaving the 
human RAG1 gene demonstrated that a redesigned MN is equal to the natural I-SceI both in 
terms of efficacy and specificity (Grizot, Smith et al. 2009). 
 
In our work, a MN derived from the I-CreI family generated by Cellectis was designed to target 
a sequence inside a genomic dessert that could be considered as a SH (called SH6, which will 
be explained in following point) (Figure 8) (Eyquem, Poirot et al. 2013). In this thesis, the MNs 
employed are called SH6v2 and SH6v5 MNs, isoesquizomers binding the target site at the SH6 
locus. 
 
- TALE nucleases 
 
The transcription activator-like effector nucleases (TALENs) comprise a nonspecific FokI 
nuclease domain fused to a customizable DNA-binding domain (Figure 9). This binding domain 
is composed of highly conserved repeats that derive from transcription activator-like effector 
(TALEs), proteins secreted by Xanthomonas bacteria to alter gene transcription in host plant 
cells (Boch and Bonas 2010). This code for TALEs DNA recognition was revealed by Adam 
Bogdanove (Bogdanove and Voytas 2011) and Jens Boch (Boch, Scholze et al. 2009). TALEs are 
modular proteins composed of an N-terminal translocation domain with central repeats that 
mediate sequence-specific DNA binding, and a C-terminal segment that contains nuclear 
localization signals and a transcriptional activator domain (Bogdanove, Schornack et al. 2010, 
Mussolino, Morbitzer et al. 2011). The central repeats of the TALE DNA binding domain include 
a variable number between 12 and 30 of conserved 33-35 residues long repeats in tandem 
arrays. The polymorphisms are located at positions 12 and 13 and are called repeat variable di-
Figure 8: The picture shows 
the structure on an I-CreI 
derived Meganuclease. Picture 
from Epinat et al. (Epinat, 
Arnould et al. 2003).  
 




residues (RVDs), which recognize one of the four bases in the target site (Boch, Scholze et al. 
2009, Moscou and Bogdanove 2009, Deng, Yan et al. 2012, Mak, Bradley et al. 2012). TALENs 
can be easily and rapidly designed with a desired sequence specificity due to the one-to-one 
correspondence between the RVD modules and the bases. However, the construction of DNA 
segments encoding TALE arrays is difficult because the TALEN units consist of up 20 RVDs and 





TALENs have been used for genome editing approaches in a wide range of eukaryotic systems 
and plants. The majority of the published works are focused on the treatment of monogenic 
disorders, for example: DMD. hemophilia A, (Park, Kim et al. 2014) or as β-thalassemia, (Ma, 
Liao et al. 2013). TALENs have also shown to specifically target mitochondrial localization 
sequences, in order to correct the point mutation that causes Leber´s optic neuropathy 
(Bacman, Williams et al. 2013). Additionally, TALENs have also been used in acquired diseases 
to target, for example the CCR5 gene necessary for HIV infection (Ye, Wang et al. 2014) and 
also the LEDGF/p75 required for HIV integration (Fadel, Morrison et al. 2014). Similarly TALENs 
have been used to target the viral DNA of hepatitis B virus, and the human papillomavirus, in 
order to limit the infection (Bloom, Ely et al. 2013, Chen, Zhang et al. 2014, Hu, Ding et al. 
2015). 
In this work, we have used a TALEN with a FokI nuclease domain also for the targeting of the 
SH6 locus. This TALEN (called SH6-TALEN) was designed by our collaborators from Cellectis. 
 
- Next generation of engineered nucleases 
 
In a new generation of engineered nucleases the FokI in the TALEN have been mutated, and 
the HNH and RuvC in the CRISPR/Cas9, catalytic domains, and have added repressors, 
activators or epigenetic modifiers, allowing not only the targeting of the genome, but also of 
the epigenome and the transcriptome (Sander and Joung 2014). TALENs with these 
modifications are called TALE (TAL effectors) and papers have been already published using the 
VP16 activation domain of herpes simplex virus, as a transactivation factor (Geibler, Scholze et 
Figure 9: Each of two monomers of TALEN constitutes a heterodimer that binds to the target site in 
the DNA. In the picture the DNA binding domain of each monomer and the FokI nuclease are 
highlighted. Image from the commercial brochure of PNA Bio. 




al. 2011). In the case of the CRISPR/Cas9, once the two catalytic domains of the Cas9 are 
inactivated, this “dead” Cas9 (dCas9) can be fused to transcriptional effector domains, such as 
the trans-repressing Kruppel-associated box (KRAB), the trans-activating Herpes-Simplex-Virus 
Protein (VP16) or the histone acetyltransferase (HAT). They have been used to down or 
upregulate the expression of target genes (Gilbert, Larson et al. 2013, Maeder, Linder et al. 
2013, Mali, Aach et al. 2013, Perez-Pinera, Kocak et al. 2013, Hilton, D'Ippolito et al. 2015). 
When combined with the multiplexing gene targeting capacity of the CRISPRCas9 system, 
these approaches represent a valuable tool to modulate the expression of multiple genes 
(Konermann, Brigham et al. 2015, Mussolino, Mlambo et al. 2015). 
 
 Considerations for the use of engineered nucleases 
 
Before starting to work with an engineered nuclease the following respects should be carefully 
considered: 
Success rate and activity: not all the synthesized nucleases are functional and efficient. 
For example, ZFNs, especially those created by modular assembly, fail to cleave the target 
sequences (Ramirez, Foley et al. 2008, Kim, Lee et al. 2010, Sander, Dahlborg et al. 2011). 
TALENs used to achieve nearly 100% of cleavage in mammalian cells (excluding 
hypermethylated target sites) (Kim, Kweon et al. 2013) and CRISPR/Cas9 system shows a wide 
range of activities in different cell types (Cong, Ran et al. 2013, Cho, Kim et al. 2013, Mali, Yang 
et al. 2013). Summarizing, the success rate and activity of engineered nucleases depend on the 
cell type and delivery method, and this can be measured example, measuring the percentage 
of mutagenesis (Insertions and deletions: INDELs) in the targeted locus by Surveyor assay (see 
Materials and Methods point 4.3). 
Specificity: The specificity of ZFNs and TALENs is enhanced by the fact that these nucleases 
have been delivered as dimers for the cleavage of the target sequences. Generally, the size of 
the DNA binding domain of the nucleases enhances their specificity (Kim and Kim 2014). In 
theory, when a nuclease recognizes DNA sequences of at least 16 bp, the generation of off-
target effects in the human genome are not common because of the complexity of a 16-bp 
sequences (416=4.3 x 109) is greater than the size of human haploid genome (3.2 x 109). 
However, all the nucleases can originate off-target mutations in mammalian genomes (Gabriel, 
Lombardo et al. 2011, Mussolino, Morbitzer et al. 2011, Pattanayak, Ramirez et al. 2011, Hsu, 
Scott et al. 2013). 
Mutation signature: Each nuclease generates a different cut pattern after the cleavage, 
that can be recognized as a signature. Although TALENs and ZFNs, for example, share the same 
FokI nuclease domain, TALENs produce deletions much more frequently that insertions, while 
ZFNs induce insertions and deletion at similar frequencies. CRISPR/Cas9 originates frequently 
one- or two- nucleotide insertions (Cho, Kim et al. 2013, Kim, Kweon et al. 2013).  
Delivery of designed nucleases: For the efficient genome editing, both designed 
nucleases and donor templates (targeting vectors, plasmids or single stranded oligo-




dendronucleotides) must to be efficiently delivered into the cells using (electroporation or 
liposome transfection). Generally, designed nucleases are delivered by the transfection of 
plasmidic DNA, or in vitro transcribed mRNA, or by transduction with viral vectors or purified 
proteins (Porteus and Baltimore 2003, Urnov, Miller et al. 2005). In vitro transcribed mRNA 
encoding the engineered nuclease and gRNAs could also be microinjected or nucleofected into 
cells (Hwang, Fu et al. 2013, Genovese, Schiroli et al. 2014, Poirot, Philip et al. 2015). This 
method is less toxic than the delivery of DNA, and leads to faster expression of the nuclease 
and avoids unwanted integration of plasmid DNA that encodes the nucleases. Non-integrative 
vectors such as integrase-deficient lentivirus vectors (IDLVs), adenovirus and adeno-associated 
viruses (AAVs) can also deliver the nucleases. ZFNs have been delivered in IDLVs into HSCs and 
embryonic stem cells (Lombardo, Genovese et al. 2007), but this kind of vectors are not 
compatible with TALENs because the highly homologous TALE repeats often lead to unwanted 
recombination events. Adenoviral vectors constitute an improved alternative for the packaging 
of TALENs due to their capacity to host larger DNA sequences (Holkers, Maggio et al. 2013). 
Proteins are rapidly degraded in the cells, limiting the activity of the nucleases to targeting and 
also to inducing off-target effects (Pruett-Miller, Reading et al. 2009). 
Although all these considerations are required to optimize nucleases mediated gene editing, 
additional studies have been performed to limit the cytotoxicity of the nuclease in the target 
cells. This cytotoxicity can be measured by monitoring the survival of the targeted cells with 
increasing doses of the nuclease. Choosing a unique target site lacking highly homologous 
sequences in the genome is a very important first step to decrease the off-target effects by 
specific nuclease. Whole-exome and whole-genome sequencing analysis are a good 
approaches to make sure that these nucleases target unique sequences in cells (Li, Huang et al. 
2011, Cho, Kim et al. 2014). One additional strategy to check if our nuclease is inducing off-
target cleavage or if our donor is entering in the specific DNA sequence is to perform Southern 
blot assays (see Materials and Methods point 4.1), which allows to detect the presence of the 
expected integrations.  
Despite all these precautions, most primary cells and stem cells are difficult to transfect, this 
implies serious difficulties for the use of engineered nucleases in these cell types. For this 
reason, strategies based in the use of plasmids/vectors carrying reporter genes (as fluorescent 
or antibiotic resistant genes) enabling the visualization and the selection of the transfected 
cells are frequently used (Carlson, Tan et al. 2012, Ding, Lee et al. 2013, Frank, Skryabin et al. 
2013). 
 
3.2 Gene Editing in Genomic Safe Harbors 
 
Genomic Safe Harbors (GSH) are defined as intragenic or extragenic chromosomal locations 
where therapeutic transgenes can be integrated to facilitate their function in a predictable 
manner, without perturbing the activity of the endogenous or surrounding genes (Sadelain, 
Papapetrou et al. 2012). SH should obey three main criteria (Sadelain, Papapetrou et al. 2012): 




- SHs should facilitate sufficient transgene expression, to yield desired levels of the foreign 
protein or non-coding RNA. 
- SH should not to predispose targeted cells to a malignant transformation, or to alterations 
of their cellular functions. 
- The outcome of cells targeted in SHs must to be predictable, an observation that is based 
on the prior knowledge. 
 
When SHs are located in selected genes, it is assumed that their disruption of these genes is 
not pathological. Some studies have reported that intragenic regions could be a good choice to 
host expression cassettes without detectable consequences for the cell (Lombardo, Cesana et 
al. 2011). Three sites in the in the human genome have been stablished as SHs: 
- Adeno-associated virus site 1 (AAVS1): It is located in chromosome 19 (position 19q13.42) 
and was identified as a repeatedly recovered site of integration of wt AAV in the genome of 
cultured human cells that have been infected with AAV in vitro (Kotin, Linden et al. 1992). 
Integrations in this locus disrupt the gene phosphatase 1 regulatory subunit 12C (PPP1R12C, 
also known as MBS85) that encodes a protein whose function has not been yet elucidated. A 
robust expression of reporter transgenes integrated in this locus has been reported in 
embryonic stem cells (ESCs) and iPS cells (Smith, Maguire et al. 2008, Zou, Sweeney et al. 
2011). The expression obtained across several different cell types relates to a DNAse I 
hypersensitive site and an insulator element contained in this site that maintains the 
chromatin open. The AAVS1 locus is surrounded by several genes whose activity is not 
significantly modified by regulatory sequences inserted into this locus (Lombardo, Cesana et 
al. 2011). 
- CCR5: Is located on chromosome 3 (position 3p21.31) and encodes the major co-receptor 
for HIV-1. It was defined as a GSH since the discovery that people harboring a null mutation 
(CCR5Δ32) in this gene were HIV resistant and did not suffer any major pathology, (Liu, 
Paxton et al. 1996, Perez, Wang et al. 2008). The expression of integrated transgenes is high 
in T-lymphocytes, monocytes and macrophages, but not in B lymphocytes or dendritic cells, 
and is also expressed in neurons, microglia, endothelium and smooth muscle (Rottman, 
Ganley et al. 1997). Although no marked abnormalities have been detected, studies in 
humans have demonstrated, by the KO of CCR5, an association between the knock-out of 
CCR5 and the susceptibility of infection by the West Nile virus (Lim, Glass et al. 2006). GFP 
reporter genes have been integrated in this locus in cord blood CD34+ hematopoietic 
progenitors, T cells and human ESC lines (Lombardo, Genovese et al. 2007, Lombardo, 
Cesana et al. 2011) and its expression was lower than that observed in the AAVS1 in T cells 
(Lombardo, Cesana et al. 2011). The CCR5 locus is located in a gene-rich genomic site, as the 
AAVS1 SH, including cancer related genes that could be dysregulated by integrated 
transgenes (Lombardo, Cesana et al. 2011) 




- Human ROSA26: This gene is located on the chromosome 3 (position 3p25.3) and was 
discovered by Irion et al. These authors integrated a red fluorescent protein in order to 
elucidate if this gene was a SH. These authors discovered that the expression of the 
transgene was maintained in multiple adult human tissues at variable levels, and showed no 
alterations, in targeted cells. However, ROSA26 is also surrounded by several genes that 
could be dysregulated by transgene targeting (Irion, Luche et al. 2007). 
 
Another SH alternatives are extragenic locations of the cell genome. In this case the expression 
of the inserted gene is more problematic, although the integration is safer due to evolutionary 
considerations.  
The genomic locations of endogenous retroviruses give us some clues to identify SHs. Around 
8% of the human genome comprises fragments of retroviruses integrated in the germ line of 
mammalians during evolution (International Human Genome Sequencing, Adekoya et al. 
2001). As most of them are fixed in the human germ line, we can deduce that they are not 
harmful, and because they are not randomly distributed but rather enriched outside of 
transcription units, the evolutionary selection would have eliminated their integration in 
transcription sites (Smit 1999). 
There are five criteria to facilitate the recognition of an extragenic SH to limit risks of 
disruption of endogenous coding genes and ultra-conserved regions, and thus to reduce the 
possibility of long-range interactions between foreign transcriptional activators and adjacent 
genes. These criteria are the following (Bejerano, Pheasant et al. 2004, Papapetrou, Lee et al. 
2010): 
1. Distance of more than 50 kb from 5´ end of any gene 
2. Distance of more than 300 kb from cancer-related genes 
3. Distance of more than 300 kb from any microRNA 
4. Outside a gene transcript unit 
5. Outside of ultra-conserved regions 
In this study we have worked with a novel SH, called Safe Harbor 6 (SH6), characterized by 
fitting the five criteria exposed above, and to be a genomic desert. SH6 is located in an 
intergenic region in chromosome 21 and the closest ORF (C21orf37) is located more than 350 
kb away (Figure 10). SH6 was first studied by Eyquem et al., whose results suggested that it 
could be an useful loci for transgene expression, although the transgene expression is lower 
than in other intergenic SHs due to the less permissive epigenetic status of the chromatin 
(Eyquem, Poirot et al. 2013). 




       
 
3.3 Gene Editing and Fanconi anemia 
 
Although the use of SIN-LVs has improved the hematopoietic GT in clinics, risks of insertional 
oncogenesis cannot be completely avoided due to their preferential integration into genes 
(Kaufmann, Buning et al. 2013). For this reason, gene editing becomes an important 
alternative due to their capacity to target specific sites in the genome, limiting insertional 
oncogenesis risks. Furthermore, gene editing makes easier the integration of the therapeutic 
gene into the homologous gene (knock-in or gene correction) or into heterologous genes (SH 
strategy) (Figure 11). This last possibility, is of particular interest in the case of FA taking into 
account that FA cells could present multiple different mutations in any of 19 FA genes 
(Castella, Pujol et al. 2011). 
A few studies have already demonstrated that gene editing is possible in FA-A cells, even 
though these cells have limiting defects in DNA repair. 
ZFNs have been used to target the AAVS1 locus in combination with an integration-defective 
LV that carried FANCA gene flanked by arms with homology to the AAVS1 locus. Targeted FA-A 
fibroblasts showed proliferative advantage after a few weeks of in vitro culture (Rio, Banos et 
al. 2014). Additionally, P53-downregulated iPSCs from FA-A patients with a point mutation in 
the fourth exon of FANCA were targeted by the replacement of this exon with the respective 
wt version, using helper-dependent adenoviruses (Liu, Suzuki et al. 2014). Finally, conventional 
CRISPR/Cas9 nucleases and a nickase version of this system (that only generates single-strand 
breaks) have shown that the nickase presents a higher efficiency to mediate DNA repair by 
HDR in the FANCC gene, as compared to NHEJ events (Osborn, Gabriel et al. 2015). 
A careful design and deep analyses are necessary in the design of these engineered nucleases 
particularly for the targeted GT of FA cells, because of the off-target consequences of the 
generation of spontaneous DSBs in this DNA-repair deficient cells (Navarro, Rio et al. 2015, 
Osborn, Gabriel et al. 2015). 
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Figure 10: The picture 
shows the location of 
SH6 in chromosome 21, 
with 300 kb of human 
genome at both sides of 
the target site. Image 
modified from Eyquem 
et al. (Eyquem, Poirot et 
al. 2013).  
 
























Figure 11: Different approaches followed to perform gene therapy in FA. The left panel shows the 
traditional gene therapy approach in which SIN-RVs or SIN-LVs carrying the FA genes are employed. 
In the right panel, are represented the two strategies performed in gene editing: in heterologous 
genomic regions, using the SHs, or in homologous regions performing Knock-in. The scheme was 
obtained from (Navarro, Rio et al. 2015). 
 



































In this Thesis we aimed to develop a gene therapy strategy based on the specific 
insertion of foreign genes into a new “safe harbor” site (SH6), with the final goal of 
correcting the hematopoietic phenotype of Fanconi anemia patients. 
To achieve this main objective, we focused our studies in two principal goals: 
 
1 To investigate the efficacy and specificity of gene targeting in the SH6 “safe 
harbor” locus of HEK-293H cells using different meganucleases and TALE 
nucleases, together with a donor construct harboring EGFP or FANCA genes. 
 
2 To develop an experimental protocol to perform gene targeting into the SH6 
site of human hematopoietic progenitor stem cells using specific 
meganucleases and TALE nucleases, together with a donor construct harboring 















MATERIALS AND METHODS 
 





V. MATERIALS AND METHODS 
1. CELLULAR CULTURES 
 
1.1 Adherent cells culture: HEK-293H 
 
HEK-293-H cells (Gibco 11631-017) were cloned from the original 293 cell line and adapted to 
Gibco® CD 293 Medium to grow in serum-free medium. The HEK-293H cell line is a permanent 
line established from primary embryonic human kidney and transformed with sheared human 
adenovirus type 5 DNA and presents good adherence during plaque assays, superior 
transfection efficiencies and a high level of protein expression. The E1A adenovirus gene is 
expressed in these cells and participates in transactivation of some viral promoters, allowing 
these cells to produce very high levels of protein. 
Optimal transfection efficiencies are obtained with Lipofectamine™ 2000 or 
293fectin™ transfection reagents. 
https://www.thermofisher.com/order/catalog/product/11631017?ICID=search-product 
 
 Culture conditions 
DMEM (Dulbecco’s Modified Eagle Medium) with GlutaMAX (Gibco/Life Technologies/Thermo 
Fisher Scientific, Waltham, USA)) + 10% Hyclone (GE Healthcare) + 1% Penicillin/Streptomycin 
(P/S, Gibco). Cells were growth in adherence in normoxia: 37°C, 21% O2, 5% CO2 and 95% 
relative humidity (RH) in 75Flask. 
 
1.2 Primary cells culture: CD34+ cells 
derived from umbilical cord blood 
 Purification of CD34+ cells 
 
Umbilical cord blood (UCB) samples from healthy donors were obtained from the Centro de 
Transfusiones de la Comunidad de Madrid, according to the protocol approved by the Ethical 
Committee. Mononuclear cells were purified by Ficoll-Paque PLUS (GE Healthcare, Fairfield, 
USA) density by gradient centrifugation. CD34+ cells were then selected using CD34 MicroBead 
Kit. Magnetic-labeled cells were isolated with a LS column in QuadroMACSTM separator (MACS, 
Miltenyi Biotec, Bergisch Gladbach, Germany) following manufacturer’s instructions. Purified 
CD34+ were then evaluated for their purity by flow cytometry. Purities from 95-99% were 
routinely obtained. 




 Culture conditions 
- Pre-stimulaion media: Stem Spam (StemCell Technologies, Vancouver (Canada) + 1% P/S 
+ 100 ng/mL stem cell factor (SCF, EuroBiosciences, Friesoythe, Germany) + 100 ng/mL 
FMS-like tyrosine kinase 3 ligand (Flt3, EuroBiosciences) + 100 ng/mL thrombopoietin 
(TPO, EuroBiosciences). 
- Culture media: Stem Spam + 1% P/S + 300 ng/mL SCF + 300 ng/mL Flt3 + 300 ng/mL TPO. 
Cells were grown in suspension in tissue non-treated 96 wells and 24 wells plates (Gibco), at 




The engineered nucleases employed in this work were two Meganucleases (MNs) and one 
TALEN called, synthesized by our collaborators from Cellectis.  
All enzymes used during the cloning such as restriction enzymes, ligases, kinases and 
phosphatases were obtained from New England Biolabs (Ipswich, USA). After each ligation, the 
resulting products were transformed in TOP10 bacteria (Invitrogen). Plasmid DNA was purified 
from selected colonies or from the restriction mixes using NucleoBond® Xtra Midi EF kit 
(Macherey-Nagel, Duren, Germany) and analyzed by restriction enzymes, and the PCRs were 
performed using the Herculase II Fusion Enzyme (Agilent Technologies). 
 
2.1 Engineered nucleases plasmids 
The three nucleases were delivered into cells in plasmids carrying the sequences codifying for 
the nucleases, which expression was driven by the cytomegalovirus promoter (CMV). Bacterial 
plasmids codifying for the engineered nucleases were generated using typical procedures of 
molecular biology. 
 
 MNs plasmids 
 
Two plasmids encoding for the SH6v2 or the SH6v5 I-CreI derived MNs isoesquizomers, 
targeting the TTAATACCCCGTACCTAATATTGC sequence in the SH6 locus, were used in this 
work. MNs are constituted by two focused monomer that are fused and transcribed by a 
unique plasmid. These plasmids were used in the entire gene editing experiments in which the 
MNs are delivered as DNA. 








The SH6v5 MN was also delivered as mRNA, synthesized in vitro (see Materials and Methods 
section 3), in some gene editing experiments. For that reason, the sequence coding for the MN 
was amplified by PCR and cloned into the plasmid of the Zero Blunt PCR Cloning Kit, 
(Invitrogen, life Technologies), and checked by restriction enzymes for the correct insertion 









mRNA MN 1F TAATACGACTCACTATAGGGAGAGCCACCATGGCCAATACCAAATATAACG 
mRNA MN 1R CTAAGGAGAGGACTTTTTCT 
 
 
SH6v2CMV pCLS 4373 
(6,233 bp)
1,796 bp






Figure 12: The picture shows the two plasmids codifying for the MNs under the CMV promoter. 
CMV: cytomegalovirus promoter; SH6: Safe Harbor 6; v2: version 2; v5: version 5. The blue arrow 
under each scheme represents the size of both the MN and the promoter. In the right side, the pCLS 
number represents the name of the plasmid with the size of the whole plasmid carrying the MN. 
 
Figure 13: The picture shows the amplified SH6v5 MN amplification with the primers containing the 
T7 promoter and cloned into the cloning plasmid of the Zero Blunt, preceded by the T7 promoter 
necessary for the mRNA synthesis and surrounded by the BamHI and XhoI restriction sites used for 
the mRNA synthesis. The blue arrow under the scheme represents the size of both the MN and the 
promoter 
 
Table 3: Name and sequence of the primers used in to clone the sequence of the SH6v5 MN into the 
Zero Blunt PCR cloning plasmid. In bold the sequence of the T7 promoter included in the forward 
primer. 
 




 TALEN plasmids 
 
TALEN subunits, the left or the right, targeting SH6 locus are contained in the following two 
plasmids provided by Cellectis. Each of these plasmids contains the sequence codifying for one 
of the subunits, the left or the right, of the DNA binding domain sequence of the SH6-TALEN to 
the SH6 locus TCTAAAGATTAATACCCCGTACCTAATATTGCATTTCCTTCTACCAGTA sequence and 
a FokI nuclease. The TALEN will only perform the cleavage after dimerizing with the other FokI 







This TALEN was also delivered as mRNA, with or without the 3` UTR sequence from the β-
globin, synthesized in vitro (see Materials and Methods section 3), in some of the gene 
targeting experiments. To achieve this aim, our collaborators from Cellectis gave us another 
pair of plasmids carrying the sequences codifying the left or the right subunits of the DNA 
binding domain sequence of the SH6-TALEN to the SH6 locus 
TCTAAAGATTAATACCCCGTACCTAATATTGCATTTCCTTCTACCAGTA sequence and a FokI 
nuclease. The expression of this sequence was controlled by the T7 promoter, as with the 
SH6v5 MN previously commented, necessary for the mRNA synthesis. 
 







Figure 14: The picture shows the plasmids carrying the sequences codifying for the two subunits of 
the TALEN targeting the SH6 locus, under the control of the EF1α promoter. The blue arrow under 
each scheme represents the size of both the TALEN and the promoter. In the right side, the pCLS 
number represents the name of the plasmid with the size of the whole plasmid carrying the TALEN. 
 










In order to clone the 3` UTR structure from the β-globin into the plasmids shown in Figure 15, 
two different primers (3´UTR F and 3´UTR R) shown in Table 4 were used. Equal quantities of 
these primers at 10 µM were combined to be annealed by PCR with Herculase in 50µl reaction, 
30 cycles (95° 15 s; 60° 20 s; 72° 25 s). After the PCR, the insert was purified by column kit and 
digested with EagI/SalI enzymes. Plasmids shown in Figure 15 were digested with EagI/XhoI 
enzymes and dephosphorylated. Both digestions were ligated with the T4 ligase and Top10 
bacteria were transformed. The colonies were checked by PCR, and the selected ones checked 
by restriction enzymes and sequenced with the primers shown in Table 4 (TALEN SQ 3´UTR F, 
TALEN SQ 3´UTR 2 and TALEN SQ 3´UTR F 2R). 
HindIII












Figure 15: The diagram represents the two plasmids carrying the sequences of the right or left 
subunit of the SH6-TALEN targeting the SH6 locus, both of them under the control of the T7 
promoter. After the TALEN sequence, the HindIII and EagI/XhoI restriction sites used for the mRNA 
synthesis and the cloning of the 3´UTR, respectively, are represented in italic. The blue arrow under 
each scheme represents the size of both the TALEN and the promoter. In the right side, the pCLS 
number represents the name of the plasmid with the size of the whole plasmid carrying the TALEN. 
 











2.2 Donor plasmids 
The donor templates employed in this work were also plasmids that were co-delivered with 
the previous ones plasmids carrying the nucleases in the gene editing experiments in order to 
be used as template by the DNA repair mechanisms of the cells to fix the DSB. These donor 
plasmids must contain two sequences, called HAs, which are homologous to the SH6 locus 
which is targeted by the nucleases. The sequence of these HAs was designed by our 









































Figure 16: A. The pair of primers used to clone the 3`UTR is represented in the top of the figure. In 
upper case is the 3´UTR, in lower case are the restriction enzymes sequences and extra bases. The 
underlined sequences are complementary. B. The annealing of the 3´UTR plasmids and the plasmids 
containing the TALEN are digested with the corresponding enzymes and ligated. C. The final plasmids 
carrying the 3´UTR are represented in the bottom. Note that the XhoI restriction site is transformed 
into a SalI site after the cloning. The blue arrow under each scheme represents the size of both the 
TALEN and the promoter. In the right side, the pCLS number represents the name of the plasmid 
before the cloning process with the size of the whole plasmid carrying the TALEN. 




 Green Matrix (GM) or Green donor 
 
The GM carries an EGFP reporter gene which expression is controlled by the long EF1α 
promoter, both of them flanked by 1.5 kb homology arms to the SH6 locus. This donor has 





 Therapeutic Matrix (TM) or Therapeutic 
donor 
 
The TM carries the WT cDNA sequence of the FANCA gene with a 3xFlag signaling peptide in 
the 5` N-termini of the protein, a self-cleaving 2A peptide (E2A) sequence (Szymczak, 
Workman et al. 2004) and a puromycin resistant gene as selectable marker. The long EF1α 
promoter controls the expression of both previous genes. The four elements are flanked by 1.5 















Figure 17: Picture represents the diagram of the GM donor of 7,440 bp. L-HA: Left homology arm; R-
HA: Right homology arm; EF1α: Human elongation factor-1 alpha. The blue arrow under each 
scheme represents the size of both the TALEN and the promoter. 
 
Figure 18: Diagram of the TM of 11848 bp. L-HA: Left homology arm; R-HA: Right homology arm; 
EF1α: Human elongation factor-1 alpha; E2A: self-cleaving peptide E sequence. 
 




The 3xFlag-FANCA-2A-Puro construct was chemically synthesized by GenScript (Piscataway 
Township, USA) in a pUC57 backbone. The 3xFlag signaling peptide added to the N-termini of 
the protein is reported not to produce any alteration in the protein function or localization in 
this position (Yagasaki, Adachi et al. 2001). 





































BamHI PacI HpaI MluI PmeI SbfI
5 GATCCCTATGCTCTG TTAATTAA TGAATG GTTAAC TCTGCGC ACGCGT AATGC GTTTAAAC TACCGAACCTGCA  3 



















BamHI PacI HpaI MluI PmeI SbfI
5 GATCCCTATGCTCTG TTAATTAA TGAATG GTTAAC TCTGCGC ACGCGT AATGC GTTTAAAC TACCGAACCTGCA  3 
3 GGATACGAGAC AATTAATT ACTTAC CAATTG AGACGCG TGCGCA TTACG CAAATTTG ATGGCTT GG  5 
Figure 20: Primer annealing performed in our cloning strategy to introduce a multicloning site 
containing the BamHI and SbfI enzymes restriction sites. In different colors are highlighted the 
different restriction sites for the different enzymes. 
 
Figure 19: Diagram of the cloning strategy to build the Therapeutic Matrix introducing the construct 
synthesized by GenScript between the two HA to the SH6 site. 




Two different primers shown in Table 4 (MCS FANCA sint 1F and MCS FANCA Sint 1R) were 
designed as shown in Figure 20. Equal quantities of these primers at 100 µM were combined 
to be annealed by incubation during 4 minutes at 95°C followed by 10 minutes at 70°C in 
annealing buffer (100 mM potassium acetate, 30 mM HEPES pH 7.4 and 2 mM magnesium 
acetate). The mixture was cooled down at room temperature (RT) and phosphorylated using a 
PNK kinase in a T4 DNA ligase buffer during 30 minutes at 37°C, followed by 10 minutes at 
70°C. 
At the same time the GM plasmid was digested with BamHI and SbfI restriction enzymes in 
order to eliminate the EGFP reporter gene. The annealed primers and the resulting purified 
digestion from the GM were ligated with a T4 DNA ligase, transformed in TOP10 bacteria. 
Colonies were checked by PCR, as shown in Figure 21, using the primers FANCA Sint 2F and 
FANCA Sint R, to isolate the ones carrying the first intermediate of the cloning (size 6,622 bp, 
shown in Figure 19) and sequenced, with the same primers used in the PCR to choose the best 





Then the first intermediate and the pUC57 backbone carrying the 3xFlag-FANCA-2A-Puro 
construct were digested by PmeI and PacI restriction enzymes. The first intermediate and the 
dephosphorylated 3xFlag-FANCA-2A-Puro construct (using the Antartica dephosphatase) were 
ligated with a T4 DNA ligase, transformed in TOP10 bacteria and colonies were checked by PCR 
to isolate the ones carrying the final construct of the cloning (11,848 bp) (Figure 18). The 
positive colonies analyzed using the primers FANCA Sint 2F and C+ FANCA Sint 2R (Table 4) 





Figure 21: Electrophoresis in agarose gel showing the result test performed by PCR of the colonies 
after the ligation of the annealed primers and the plasmid. The bands of 525 bp inside the purple 
square represent colonies carrying the first intermediate of the cloning. 










MCS FANCA Sint 1F GATCCCTATGCTCTGTTAATTAATGAATGGTTAACTCTGCGCACGCGTAATGCGTTTAAACT
ACCGAACCTGCA 
MCS FANCA Sint 1R GGTTCGGTAGTTTAAACGCATTACGCGTGCGCAGAGTTAACCATTCATTAATTAACAGAGC
ATAGG 
FANCA Sint 2F ACCCACACAAAGGAAAAGGG 
FANCA Sint R GAATGGTCTGAAAATGGAGAGGTTAAATGAGATTT 
FANCA Sint 2R CCACTCTCTCTGCATCTGAA 
TALEN SQ 3´UTR F GGAGGAAGTTCAACAACGGCGAGATCAA 
TALEN SQ 3´UTR 2F CATCAACCCCAACGAGTGGTGGAA 





3. mRNA SYNTHESIS 
 
 
In order to be linearized, T7-MN and T7-TALEN plasmids were digested with BamHI and XhoI or 
with HindIII restriction enzymes, respectively. This digestion was purified using sodium acetate 
buffer solution, pH5.2 (Sigma-Aldrich) and ethanol. The amount of DNA was measured using a 
Nanodrop®. The in vitro synthesis of the mRNA was performed with the mMESSAGE 
mMACHINE® T7 Ultra Kit, Synthesis of Translation Enhanced Capped Transcripts (Ambion/Life 
Technologies/Thermo Fisher Scientific, Waltham, USA). Firstly, 1 µg of the digested and 
purified product was used to synthesize mRNA following the vendors’ guidelines and was 
purified by LiCl precipitation. To obtain a proper quantity of mRNA, 3 reactions were 
performed for each plasmid. For this reason the quantities of each reactive during the protocol 
is 3 times higher. Finally, the amount of mRNA was measured with Nanodrop®, aliquoted and 
stored at -80°C. 
Table 4: Name and sequence of the primers used to clone the 3`UTR TALEN and the Therapeutic 
Matrix. 




In order to test the quality of the synthesized mRNA before and after the polyadenylation 
reaction, an aliquot was run in an agarose gel in denaturing conditions (with formaldehyde). 
Each in vitro nuclease mRNA production, either the mRNA MN or the TALEN pair, was tested in 
CD34+ cells using the AMAXA Nucleofector kit for human CD34+ cells (Lonza). Forty eight hours 
after the nucleofection, cell survival was tested and the activity of the mRNA for each nuclease 
production was evaluated by Surveyor assay (see Materials and methods point 4.3), in order to 






Gene targeting experiments were performed in two different types of cells described in the 
previous point (1. CELLULAR CULTURES of Materials and Methods). The protocol followed for 
these experiments are described in the following sections. 
 
4.1 Gene targeting in HEK-293H 
cells 
 
HEK-293H cell line (Invitrogen) was cultured as described in Materials and Methods point 1. 
One million and a half of these cells were seeded in p100 plates and the next day, plates 
carrying cells with a confluence around 80% were transfected with Lipofectamine 2000 
(Invitrogen) following vendor guidelines. Different amounts of the MNs or the TALEN (see 
RESULTS points 1.2, 2.1 and 3.2) were co-transfected with 4 µg of the Green Matrix (GM) or 
the Therapeutic Matrix (TM) donor plasmids. Three days post-transfection, cells of each 
condition were harvested, counted and plated in 2 p96 plates (10 cells per well). The rest of 
the cells were maintained in culture in the same conditions and their EGFP expression was 
measured by Flow Cytometry at different time points up to 30 days (see Materials and 
Methods following point of Flow cytometry analysis in HEK-293H cells). 
P96 plates were duplicated after 7 days in culture and cultured until the wells were confluent. 
At this point, the duplicated plates were frozen in viability. This allowed us to establish and 
expand pseudoclones in the future (see Freezing/Thawing of HEK-293H cells and pseudoclones 
establishments point in Materials and Methods). The other plates were maintained to extract 
the gDNA of the cells (see point Materials and Methods, gDNA extraction of the HEK-293H cells 
in p96 plates) in order to perform specific targeted analysis (see point in Materials and 
Methods of Specific gene targeting analysis in Hek-293H cells). 




The general protocol followed is represented in Figure 24. 
 
 Freezing/Thawing of HEK-293H cells in p96 plates 
and pseudoclones stablishment 
In order to freeze the p96 plates, the media in the wells was aspirated and the cells washed 
with PBS (Dulbecco´s phosphate buffered saline, Sigma-Aldrich). After removing the PBS, 20 µL 
of Trypsine (Trypsin-EDTA solution, Sigma) were added and cells resuspended in 20 µL of 
Hyclone FBS with 40% DMSO (Dimethyl sulfoxide, Sigma-Aldrich) (final dilution of 20%) and 
kept at -80ºC. 
The thawing was performed by adding 100-200 µL of DMEM + 10% HyClone + 1% P/S to each 
well and cells were resuspended. Then those cells were seeded in p12 plates in order to 
establish a pseudoclone as cell line. Cells were revised regularly and changed to p6, p100 or 
flask as the cells were proliferating. Once the culture is established, the cells were maintained 
in 75 flasks. 
 
 Flow cytometry analyses: cell viability and EGFP+ 
cells 
Analysis was performed in the LSRFortessa cell analyser (BD/Becton, Dickinson and Company, 
New Jersey, USA). Off-line analysis was conducted with the FlowJo Software v7.6.5 (Tree star, 
Ashland, USA). 
An aliquot of the pool of cells transfected with the nucleases or cells from the pseudoclones 
were washed and resuspended in the flow cytometry buffer (PBS containing 0.5% BSA and 
0.05% azide) containing 3.3 ug/mL of 4',6-diamidino-2-phenylindole (DAPI) as a viability 
marker.  
 
 gDNA extraction of the HEK-293H cells in p96 
plates 
The media from the wells was aspirated and 40 µL of a mix of Lysis buffer + Proteinase K were 
added per well and incubated at 55ºC 2 hours and at 95ºC 10 minutes. Then the plate was 
centrifuged and 3 µL of the supernatant were used to perform the PCR for the targeted 
integration analysis. 
Lysis buffer composition for 500 mL: 495.5 mL of 10 mM Tris HCl pH 8 + 2.25 mL of 0.45% (v/v) 
NP40 (Nonidet P-40 substitute, Roche Diagnostics) + 2.25 mL of 0.45% (v/v) of Tween 20 
(Sigma-Aldrich), storage at 4ºC. Per p96 plate, 5 mL of Lysis Buffer + 25 µL of Proteinase K (100 
µg/mL final) were mixed in the day of the extraction 




 Specific gene targeting analysis in HEK-293H 
The PCR used to test the specific integrations of the GM or the TM mediated by nucleases in 
HEK-293H was performed using the Herculase II Fusion Enzyme (Agilent Technologies) and the 
primers showed in Table 5. This pair of primers amplifyed in the 3´side of the integration, the 
forward one binding inside the cassette and the reverse one in the genome, outside of the left-
HA. Three µL of the gDNA were used for the PCR reaction following the vendors’ guidelines, 
using the following program: 94ºC 10 minutes, 35 cycles of 94ºC 1 minute, 52ºC 30 seconds, 
72ºC 2 minutes, and finally, final elongation at 72ºC 10 minutes. The PCR was tested in 1% 
agarose gels, resulting in a band of 1,565 bp when the donor is integrated in the SH6 target 
site, as shown in Figure 35. 
 
Primer Sequence 5´→ 3´ 
SH6 HR R-HA 1F ACTCATCAATGTATCTTATC 




In order to check the targeted integration of the GM in the SH6 locus in the established 
pseudoclones, an aliquot of the cells was harvested and the gDNA extracted using the 
NucleoSpin® Tissue kit. PCR analysis was performed using 150 ng of gDNA as described 
previously in this point 
 
 Southern blot 
The gDNA from samples of the established pseudoclones was obtained using the phenol-
chloroform protocol (MANIATIS). 50 μg of genomic DNA were isolated from each studied 
pseudoclone and digested with BamHI (New England Biolabs, MA, USA) in separate reactions 
for 8 hours at 37°C. The digested DNA was concentrated by precipitation with ethanol and 
sodium acetate and was measured with Nanodrop®. 20 μg of each digestion were resolved on 
a 0.8% TBE agarose gel. The transfer to a NytranSuPerCharge nylon membrane was carried out 
overnight by turbo Blotter transfer system (Whatman, GE healthcare) following vendor 
guidelines and then incubated at 80ºC to fix the DNA to the membrane. Pre-hybridization and 
hybridization were performed by quick hybridization solution (Agilent technologies) in rolling 
cylinders inside the hybridization oven at 65°C. The probe used was the sequence of the EGFP 
gene, which was generated by digesting the GM Donor with BamHI/SbfI restriction enzymes 
and isolating the 892 bp band from an agarose gel. It was labeled with radioactive P32dCTPs by 
Prime-It II Random Primer Labeling kit (Agilent) following vendor guidelines and the non-
incorporated radioactivity was removed by cleaning the probe with IllustraNICK Columns (GE 
Table 5: Name and sequence of the primers used in the analysis performed to check the targeted 
integration of the donors in the SH6 locus. 
 




Healthcare). After 15 minutes of prehibridization, the probe was added to the quick 
hybridization solution and left overnight. After 12 hours, the membrane was washed twice 
with 2X SSC, 0.1% SDS for 10 minutes at room temperature, then for 15 minutes with pre 
warmed 1X SSC, 0.1% SDS at 65°C and finally for 50 minutes with 0.1X SSC, 0.1% SDS at 65°C 
with two media changes. Then, the membrane was covered with plastic wrap and introduced 
in a Hyperscreen autoradiography cassette together with an Amersham Hyperfilm ECL (GE 
Healthcare) that was exposed overnight at -80°C covered. After a minimum of 10 hours, the 
film was developed in an automated processor. 
 
4.2 Gene targeting in human CD34+ 
cells 
 
Human CD34+ cells obtained from umbilical cord blood as described in the point 2.1 of 
Materials and Methods were thawed and pre-stimulated in pre-stimulation media during 48 
hours at a density of 106 cells/mL. Then around 105 to 106 cells were nucleofected using the 
AMAXA Nucleofector kit for human CD34+ cells or the P3 Primary Cell 4D-Nucleofector L or S 
Kit (Lonza), depending on the experiment. Different amounts of the MN or the TALEN (see 
RESULTS points 4 and 5) alone or with 4 µg of the GM donor were used in different 
experiments. Depending on the protocol performed, time in culture media varies and the 
percentage of EGFP+ cells and primitive population were measured by Flow Cytometry. In 
some experiments cells were sorted later. Methylcellulose assays were performed; colonies 
were picked and checked for specific integration of the GM donor in the SH6 donor by NESTED 
PCR. 
All these steps were performed as explained below. 
 
 Flow cytometry analysis: checking cell viability, 
EGFP+ cells, primitive populations, cell cycle and 
sorting of CD34+/EGFP+ cells 
Cytometry analysis was performed in the LSRFortessa cell analyser (BD/Becton, Dickinson and 
Company, New Jersey, USA). Off-line analysis was conducted with the FlowJo Software v7.6.5 
(Tree star, Ashland, USA). The sorting was conducted in the Influx BD ®. 
For the primitive population analysis, 2*105 CD34+ nucleofected cells with the nuclease and 
donor combination were harvested at different time points and resuspended in flow 
cytometry buffer. After cells were resuspended in 100 µL of flow cytometer buffer and stained 
during 30 minutes at 4°C with CD34 PE-Cy5, CD38-PE, CD45RA-APC eFluor 780 and CD90-APC. 
Then, cells were washed and resuspended again in the flow cytometry buffer containing 3.3 
ug/mL 4',6-diamidino-2-phenylindole (DAPI) as a viability marker (Table 6).  





Antibody Clone Host Supplier 
CD34-PECy5 581 Mouse IgG1, κ Immunotech 
CD38-PE H37 - BD 
CD45RA-APC eFluor 780 HI100 Mouse IgG2b, κ eBioscience 
CD90-APC 5E10 Mouse IgG1, κ BD 




In this analysis the percentage of EGFP+ cells was measured in the total population of cells and 
also in the different subpopulations marked with different antibodies. Gating strategy is shown 
in Figure 48: CD34+/CD38- cells were selected at first and, inside this population, CD45RA- cells 
were gated. The most primitive compartment, the HSCs (long term engraftment) correspond 
to the positive cells to CD90 (CD34+/CD38-/CD45RA-/CD90+). On the contrary, the CD90- cells 
correspond to MPP (short term engraftment) (CD34+/CD38-/CD45RA-/CD90-) (Doulatov, Notta 
et al. 2012). 
In the sorting experiments, cells (not used in the pre-sorting clonogenic assays) were 
resuspended in flow cytometry buffer and stained during 30 minutes at 4°C with CD34 PE 
(Table 6) to isolate the CD34+/EGFP+ cells. 
Cell cycle analysis was performed by washing the cells in PBS + BSA 10% and resuspending 
them in 200 µL of cold EtOH 70% to be fixed for at least 40 minutes. After washing in PBS, the 
cells were resuspended in 200 µL of PBS with 50 µg/mL of RNAsa during 20 minutes at 4ºC. 
Then, 50 µg/mL of PI (Propidium Iodide, Sigma) is added to the mix and incubated 15 minutes 
at RT in darkness before the analysis by Flow Cytometry. 
 
 Clonogenic assays 
Depending on the experiment, 300 to 1,500 CD34+ cells were resuspended in 3 mL of 
methylcellulose. Each mL of the triplicate was seeded in a M35 plate and cells were incubated 
in normoxia: 37°C, 21% O2, 5% CO2 and 95% RH. Fourteen days later, the number of colonies 
was counted using an inverted microscope (Olympus IX70 WH10x/22, objective 4x) and the 
CFU-GMs (granulocyte-macrophage colony forming unit) and BFU-Es (Burst Forming Unit-
Erythroid) were identified. Single colonies were picked to analyze by specific PCR the 
integration of the GM donor in the SH6 locus. 
 








 gDNA extraction of the colonies obtained from 
clonogenic assays cells in p96 plates 
Picked single colonies were distributed in p96 plates and washed in 100-200 µl of PBS, pelleted 
and resuspended in 10 µl of PBS. Their gDNA was extracted using 20 µl of lysis buffer (0.3 mM 
Tris HCl pH 7.5, 0.6 mM CaCl2, 1,5 % Glycerol , 0.675 % Tween-20 and 0.3 mg/ml Proteinase K) 
and incubated at 65°C for 30 min, 90°C for 10 min and  4°C. After the lysis, 30 µl of water was 
added and the mixes were centrifuged. 
 
 Specific gene targeting analysis in human CD34+ 
cells: NESTED-PCR 
Nested-PCR was used to demonstrate that EGFP+ colonies carried a specific integration in SH6 
locus using the Herculase II Fusion Enzyme (Agilent Technologies) PCR enzyme. The Nested-
PCR consists in two PCRs: In the Nested1, we used a pair of primers targeting inside the GM 
and in the genome far away from the right HA (R-HA) Figure 22. In the Nested2, the product of 
the Nested1-PCR was used as template and the pair of primers was the same as we used in the 
PCR in experiments in HEK-293H cells Figure 22, and targeted inside the Nested1 amplicon. 






Ten µL of the gDNA obtained from the CFC/Hematopoietic progenitors, was used to perform 
the NESTED1 PCR with the PCR program: 94ºC 10 minutes, 35 cycles of 94ºC 1 minute, 66ºC 30 
seconds and 72ºC 2 minutes, and finally one cycle of final elongation at 68ºC 10 minutes. Then, 
2 µL of the resulted PCR product was used as template for the NESTED2 using the same 
program as with the HEK-293H cells: 94ºC 10 minutes, 35 cycles at 94ºC 1 minute, 52º 30 
seconds, 72ºC 2 minutes and finally, one cycle at 72ºC 10 minutes. The result was resolved in a 







SH6 locus with the integrated GM
Figure 22: The scheme represents the Nested PCR strategy. Purple arrows represent the pair of 
primers corresponding to the first PCR (Nested1) and the blue ones, those corresponding to the 
second one. 
 





NESTED PCR HR R-HA GM 1F TTCGGATCCGATAATATGGCCACAA 
NESTED PCR HR R-HA GM 2R TGCAGACATTAGATTAGGACTTGGGTTA 
SH6 HR R-HA 1F ACTCATCAATGTATCTTATC 




In order to check the targeted integration of the GM in the SH6 locus in the pool of cells, an 
aliquot of the nucleofected cells was also harvested and the gDNA extracted using the 
NucleoSpin® Tissue kit. PCR analysis was performed using 150 µg of gDNA as described 
previously in this point. 
 
4.3 Nucleases functionality or 
cleavage assay (Surveyor assay) 
 
The samples of HEK-293H or CD34+ cells transfected or nucleofected with the nucleases as 
described in Materials and Methods points 4.1 and 4.2 were harvested and the gDNA 
extracted using the NucleoSpin® Tissue kit. The aim of this assay is to detect the possible 
mismatches originated by the repair of the double strand breaks (DSB) generated by the cut of 
the nucleases in the target site. When this DSB is repaired by NHEJ, mutations as insertions 
and deletions are generated, called INDELs. At first, PCR was performed using a pair of primers 
(Table 8) binding in the middle of the HAs in order to amplify the target region, obtaining a 351 
bp band and using Herculase II Fusion Enzyme. The program employed consisted in one cycle 
at 95ºC 5 minutes, followed by 33 cycles at 95ºC 20 seconds, 60ºC 25 seconds and 68ºC 30 
seconds, and finally one cycle of final elongation at 68ºC 10 minutes. This band was 
denaturalized and rehybridized in order to form heteroduplex between mutated and non-
mutated strands. If an INDEL has occurred, the heteroduplex presents a DNA loop that can be 
recognized by the Surveyor® nuclease (Surveyor® mutation detection kit, IDT, Coralville, Iowa, 
USA) CelI and cut, generating a band pattern that was visualized on 10% TBE Gels 1.0 mm 
(Invitrogen). A positive result is represented by the appearance of two additional bands of 
around 179 and 171 bp (example in Figure 29B). The intensity of these bands was measured 
using the Quantity One program from Bio-Rad, compared with the intensity of the first one of 
351 bp in the top. This intensity was indicative of the percentage of activity of the nuclease. 
The percentage of cleavage is determined by the next equation:  
 
Table 7: Name and sequence of the primers used in the NESTED-PCR analysis performed to check the 
targeted integration of the donors in the SH6 locus. 




% 𝑁𝐻𝐸𝐽 =  
𝐶𝑙𝑒𝑎𝑣𝑎𝑔𝑒𝑑 𝑏𝑎𝑛𝑑𝑠 −  (2 × 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)




SH6 SurvAssay 1F TCTTTGTGTTTCCAAAGAGTTCCTTTGGCTTTC 





Table 8: Name and sequence of the primers used in the Surveyor assay performed to check the 
activity of the nucleases. 
 





























1. COMPARISION OF THE EFFICIENCY OF 
DIFFERENT MEGANUCLEASES TARGETING 
THE SH6 SAFE HARBOR IN HEK-293H 
CELLS  
 
Two specific meganucleases (MNs) were generated by Cellectis targeting safe harbor known as 
the Safe Harbor 6 (SH6). This SH6 was found by Cellectis in a genomic desert located in 
chromosome 21 and may constitute an alternative to other SH nowadays used in targeted 
gene therapy. These MNS are named SH6-meganucleases (SH6-MN). Two of them, SH6v2 and 
SH6v5, have been tested in our studies in the HEK-293H cell line to identify which one was less 
toxic, safer and had a better efficiency to induce homologous recombination (HR) events in 
this target site. A donor DNA carrying the EGFP reporter gene, here referred as the Green 
Matrix (GM), was used together with the nucleases to evaluate HR events in the target site. 
 
1.1 The Green Matrix is highly expressed in HEK-
293H cells 
 
The first donor plasmid that was used in our HR experiments was the GM. This plasmid carries 
an EGFP reporter gene under the regulation of the long EF1α promoter. Both sequences were 
flanked by homology arms (HA) to the SH6 locus. The EGFP reporter gene would allow us to 
identify those cells which had integrated of the GM. 
First we analyzed the functionality of the GM by measuring the expression of the transgene. 
Cells were transfected either with 4 µg of a control plasmid carrying both, the EGFP and the 
Cherry reporter genes (EGFP/Cherry plasmid) under the PGK promoter, or with 4 µg the GM, 
using Lipofectamine 2000 Figure 23A. 
The expression of EGFP was measured by FACS at days 3, 11, 20 and 24 post-transfection in 
HEK-293H cells. On days 3 and 11 the percentage of EGFP+ cells was always higher in GM 
transfected cells compared with the EGFP/Cherry transfected cells (97% vs 67% on day 3 and 
37% vs 1.7% on day 11, respectively). Also a higher intensity of expression was observed in the 
GM transfected cells, due to the probably higher number of copies of the GM, compared to 
the GFP/Cherry, transfected. The percentage of EGFP+ cells decreased as the days passed, 
indeed due to the dilution of the plasmid. By day 20 post-transfection, almost no EGFP+ cells 
were observed, regardless of the plasmid transfected (Figure 23B). 






Summarizing these results, higher percentages of EGFP+ cells expression are observed when 
the HEK-293H cells were transfected with the GM, and both plasmids were diluted when 15 
days passed. 
 
1.2 Induction of Homologous Recombination of the 
GM using SH6-meganucleases 
 
In our next experiments we compared the efficiency and specificity of either, SH6v2 and SH6v5 
meganucleases to induce HR events of the GM. 0.5 µg of plasmid DNA of either SH6v2 or 
SH6v5, were transfected in HEK-293H cells, with 4 µg of the GM. At 3 days post-transfection, 
cells were counted and 10 cells per well were plated in p96 plates. The rest of the cells were 
maintained in culture to analyze the percentage of EGFP+ cells by FACS up to 37 days post-
transfection. In parallel, cells in were cultured in p96 plates for 7-15 days, and then duplicated. 
After 1-2 weeks, half of the plates were frozen. DNA was extracted from the other plates to 
quantify the HR events by PCR using specific primers binding sequences inside and outside of 
the cassette. After identifying wells carrying cells with the specific integration, the cells from 
the frozen plates were used to stablish pseudoclonal cell lines. From these cells, PCR, FACS and 



















































Figure 23: A. GFP/Cherry 
and GM plasmids schemes 
are represented. The 
plasmid GFP/Cherry carries 
Cherry and GFP genes. The 
GM carries an EGFP 
reporter gene under the 
long EF1α promoter. The 
two components are 
flanked by 1.5 kb sequences 
with homology to the SH6 
locus. B. FACS analysis 
representing the EGFP+ 
cells at different time points 
after transfection. 








 Sustained EGFP expression in cells co-transfected with the 
SH6v5 meganuclease and the GM 
 
The percentage of EGFP+ cells over time was investigated in samples transfected with the MNs 
and the GM or with the GM alone. The percentage of EGFP+ cells was always until day 11. At 
day 24 only the 0.5 µg SH6v5 condition presented a 4% of EGFP+ cells, suggesting the 
integration of the EGFP gene in the SH6 locus, and maybe by HR. When the SH6v2 was used, 
no difference in the percentages of EGFP+ cells was observed with comparing to the Control 
and GM conditions Figure 25. 
293H cells Homologous Recombination 
mediated by Meganucleases
EF1a MGN EF1a Marker
+
3 days
10 cells per well
p96 plate
7days
DNA extraction in p96 
plate
PCR in p96 plate
Checking positive wells 










Figure 24: Schematic representation of the experimental protocol used to induce homologous 
recombination of the GM in the SH6 site, mediated by SH6-MNs, in HEK-293H cells. 
 




   
Cell transfected with the nucleases and the GM and after more than 15 days in culture 
maintained a higher percentage of EGFP+ cells. This could be indicative of the EGFP transgene 
integration in the genome, and maybe by HR. 
 
 Study of the efficiency of Homologous Recombination in the 
SH6 site using SH6-meganucleases and the GM 
 
In order to confirm that HR occurred at the SH6 site, HEK-293H cells were plated in 96 wells-
plates (10 cells by well) three days after transfection. 2-4 weeks later, DNA from these cells 
was extracted. In order to check the percentage of HR events, PCR performed using a pair of 
primers targeting inside and outside the cassette. A positive result is indicative of specific 
integration in the SH6 site (Figure 26A). 
Similar percentages of HR events, 9.89% and 6.4%, were obtained using both meganucleases, 
SH6v2 and SH6v5, respectively, with the dose of 0.5 µg. These percentages are obtained by 
scoring the number of positive wells for the specific PCR among the 96 wells of the plate. The 
clonogenic capacity of these cells must be taken into account, because it is estimated that 3 
cells from the 10 plated are growing (DATA NOT SHOWN), so these percentages of HR could be 
up to 3 times lower. 
This result indicated that both versions of SH6-MNs could induce HR in the SH6 site in 293H 












































Figure 25: Dot blots 





transfected over time. 
At day 24, higher 
population 
corresponds to SH6v5 
MN. 









 SH6v5-MN induces specific and stable integration of the GM 
in the SH6 site in HEK-293H cells 
 
Once pseudoclones containing the GM integrated in the target site were established from the 
wells positive for HR events, further analyses were performed in order to confirm the specific 
integration of the GM. These pseudoclones are a mixture of cells carrying HR events and cells 
without integrations. 
FACS analysis showed the presence of EGFP+ cells in the established pseudoclones, indicating 
that long EF1α promoter was able to drive stable EGFP expression Figure 27A. Differences in 
the intensity and the percentage of EGFP+ cells in each pseudoclone indicated different 
expression profile in targeted cells. 
0.5µg SH6v5 + 4µg GM
C+ C-
6.4% HR









Figure 26: A. The scheme represents the GM integrated in the SH6 locus. Blue arrows represent the 
pair of primers used in the PCR analysis to test the specific integration of the GM in the target site. 
The purple arrow shows the size of the amplicon obtained as a positive result in the PCR. B. Agarose 
electrophoresis gels showing positive bands, inside the purple boxes, corresponding to HR events in 
p96 plates. 
 




PCRs for the specific integration were also performed in cultured pseudoclones. The presence 







Established pseudoclones obtained from transfected cells and positive for HR events showed 
different intensities and percentages of EGFP+ cells, consistent with the heterogeneous nature 
of the pseudoclones. 
 
1.3 The SH6-MNs did not induce off-target 
integrations of the GM in HEK-293H cells 
 
In order to determine if SH6-meganucleases induced off-target integrations of the GM, 
pseudoclones generated after transfection and positive for HR with the GM were analyzed by 
Southern blot. 
The sequence of the EGFP transgene employed in the GM was labeled with P-32, and used as a 
probe. DNA from pseudoclones was digested with BamHI, with a target site inside the cassette 
and another one outside of the HAs (expected band size of 3,946 bp Figure 28A. 
The expected band of 3,946 bp was generated in pseudoclones 1, 2, 4, 5, 6 and 7 after 
cleavage using BamHI, indicating the specific integration of the GM in the SH6 site, An 






























Figure 27: A. Representative dot-blots of the 
EGFP expression corresponding to transfected 
HEK-293H cells pseudoclones. B. The scheme 
represents the GM integrated in the SH6 locus. 
Blue arrows represent the pair of primers used in 
the PCRs performed to test the specific 
integration in the target site. The purple arrow 
indicates the size of the amplicon corresponding 
to the positive band in the PCR. The agarose gel 
electrophoresis shows the positive band in tested 
pseudoclones. These analysis were performed 
almost 6 weeks post-transfection. 
 




This band could correspond to additional way integrations of the GM due to the use of a 
circularized donor plasmid (see Discussion). Figure 28C. 
When samples were digested with ScaI, the expected 2,738 bp band was observed in all 






























Gene Targeting in 
SH6 loci
EF1α EGFP R-HAL-HAL-HA EF1α EGFP R-HA
3,496 bp7,242 bp
Figure 28: A. Southern blot strategy: Hybridization with a radioactive labeled probe that binds the 
EGFP gene revealed a band of 3,946 bp after digestion of the genomic DNA (gDNA) with BamHI. B. 
Southern blot film corresponding to digested gDNA of pseudoclones 1 to 7. The red and green 
arrows mark, respectively, the expected size bands and the additional bigger bands explained in C. C. 
Representative scheme of the GM, a circular plasmid donor, and the possibilities of HR mediated 
integration in the target site. The scheme inside the square represents, in the top, the desired 
integration with the cassette alone, and below, another possibility that could explain the bigger and 
repetitive band among the pseudoclones. 




2. COMPARISION BETWEEN A SH6-TALEN 
AND THE SH6v5 MEGANUCLEASE TO 
MEDIATE TARGETED INTEGRATION OF 
THE GM IN HEK-293H CELLS 
 
 
In the following studies, toxicity and efficiency for inducing HR events of another nuclease, a 
TALEN designed to target the SH6 (SH6-TALEN), was compared to the SH6v5-MN performing 
analyses following the same protocol used before and detailed in Figure 24.  
 
2.1 Analysis of the Homologous recombination events 
induced by the SH6-TALEN in HEK-293H using the GM 
 
SH6-TALEN was transfected into HEK-293H cells using two plasmids, each one codifying for one 
of its subunits. Four doses of each plasmid (0.3, 0.5, 3.0 and 10.0 µg), plus 4 µg of the GM, 
were used and its effects compared with those mediated by 0.5 µg of the SH6v5-MN plus 4 µg 
of the GM. 
 
 SH6v5-MN and SH6-TALEN nucleases functionality 
comparition in the SH6 locus  
 
First step to compare both nucleases, the SH6v5-MN and the SH6-TALEN, was to test their 
activity in the cells targeting SH6 locus. HEK-293H cells were transfected as described and 3 
days later DNA was extracted to perform the surveyor assay. The aim of this assay is to detect 
mismatches originated by the repair of double strand breaks (DSB) generated by the nucleases 
in the target site. At first, PCR was performed using a pair of primers binding in the middle of 
the HAs in order to amplify the target region, represented by a 351 bp band. This band was 
denaturalized and rehybridized to form heteroduplex between mutated and non-mutated 
strands. This heteroduplex was digested with the CelI enzyme, and the product was visualized 
by electrophoresis in TBE agarose gels. A positive result is represented by the appearance of 
two additional bands of around 179 and 171 bp. The relative intensity of these bands, 
compared with the band of 351 bp in the top, was indicative of the percentage of activity of 
specific cleavage of the nuclease in the SH6 site. 
As shown in Figure 29A, bands present different intensities depending of the nuclease and the 
dose. The measure of the relative intensity of the different bands in Figure 29C represents the 
percentages of specific cleavage obtained in each condition. These results highlighted that all 




the nucleases showed similar activity and were able to induce mutagenesis in the SH6 target 
site. 
 
 Maintained expression of EGFP gene in the pool of cells 
transfected with the SH6v5 meganuclease or the SH6-TALEN 
and the GM 
 
Analyses by FACS were performed in order to evaluate the percentage of EGFP+ cells in the 
pool of transfected cells. At day 37 post-transfection, the EGFP percentage was around 2-2.5% 
in cells transfected with 0.5, 3.0 or 10 µg of TALEN plus the GM. A 2 fold of increase of EGFP+ 
cells was observed in cells treated with the higher dose of the TALEN and the MN compared 
with the cells transfected with the GM alone, suggesting that the cleavage of nucleases could 



















































































































































Figure 29: A. Surveyor analysis in the pool of cells digested with the enzyme CelI visualized by 
electrophoresis. The red arrow marks the two bands are indicative of the activity of the nucleases. B. 
Quantification of the intensity of the bands showed in A., indicating the percentage of specific 
cleavage. C. Representative panel of the percentage of EGFP
+
 in HEK-293H cells transfected with the 
GM alone or with the nucleases along time. 
 




 Comparative analysis of the targeted integration of the GM 
mediated by the SH6-TALEN and the SH6v5-MN 
 
In order to analyze the percentage of HR events, HEK-293H cells transfected with the SH6-
TALEN and the SH6v5-MN were plated in 96 well-plates (10 cells by well), and DNA was 
extracted 3 days after transfection to perform PCR analyses with primers targeting inside and 
outside of the GM to determine the proportion of targeted integration. 
As shown in Figure 30. Efficiencies of HR in the range of 15-20% were achieved with 0.5 µg of 





 Both SH6v5-MN and SH6-TALEN mediate the specific and 
stable integration of the GM in the SH6 site in HEK-293H 
cells 
 
As in the experiments performed with the MNs, pseudoclones were established with 
transfected cells that showed HR in specific wells. New analyses were performed to confirm if 
the HR events were specific for the SH6 site and maintained along the time in culture in these 
cells. 
Cytometry analysis showed that not all the pseudoclones maintained the expression of EGFP 
(Figure 31A). Analyses aiming to detect the specific integration of the GM were performed. 
Positive results were obtained only in clones with a high percentage of EGFP+ cells (Figure 
31B), indicating that the EGFP reporter gene is only expressed when it is integrated in the 









Figure 30: Percentages of HR obtained after co-transfection of the GM either with the SH6-MN and 
different doses of the SH6-TALEN in HEK-293H cells. 
 




Nevertheless, the percentage of EGFP+ cells was different in each pseudoclone consistent with 







2.2 The SH6-TALEN does not induce off-target 
integrations 
 
Southern blot analyses were performed to investigate the presence of targeted integrations 
and potential off-targets in HEK-293H cells transfected with the SH6-TALEN (Figure 32).  
DNA from pseudoclones was digested with the BamHI restriction enzyme, with target sites 
inside and outside of the cassette (Figure 32A). After hybridization with the labeled probe, the 
expected band of 3,946 bp was observed in the pseudoclones 2, 3 and 7, indicating the specific 
integration in the SH6 site. An additional band of 7,242 bp was observed in these clones 
(Figure 32B). This band could be the result of a different integration pattern of the cassette in 
the target site as result of the use of the circularized donor plasmid (Figure 32C). Surprisingly, 
no band was obtained in pseudoclone 6, in which an specific integration by PCR was identified 
after the culture of this pseudoclon. In this case, however, the level of EGFP expression was 
very low. No band was detected in pseudoclones 1, 4 and 5, consistent with the absence of the 

































































Figure 31: A. The panel shows the presence of EGFP
+
 cells in some of the stablished pseudoclones. 
Pseudoclones positive for the specific integration of the GM are rounded in green. In B. the agarose 
gel electrophoresis represents which of the pseudoclones carry a specific integration of the GM, 
represented by a band of 1,565 bp as the purple arrow in the scheme below. 
 










3. TARGETED INTEGRATION OF FANCA IN 
THE SH6 SITE IN HEK-293H CELLS USING 
SH6-TALEN AND SH6v5-MN 
 
 
Once we had optimized the targeted integration of a reporter GM in the SH6 site of the HEK-
293H cells, we aimed to develop a similar approach with a donor harboring the FANCA gene 
that we called the Therapeutic Matrix (TM). In this matrix the FANCA gene is driven by the 
EF1α promoter and followed by an E2A sequence and a puromycin resistant gene. As in the 
















Gene Targeting in 
SH6 loci
EF1α EGFP R-HAL-HAL-HA EF1α EGFP R-HA
Figure 32: A. Southern blot strategy: a radioactive labeled probe that binds the EGFP gene generates 
a band of 3946 bp, after digestion of the genomic DNA (gDNA) with BamHI, if the targeting process 
takes place at the SH6 locus. B. Southern blot film corresponding to digested gDNA of some 
pseudoclones. The red and green arrows mark, respectively, the expected size bands and the 
additional bigger band explained in Figure 6. C. In the bottom, scheme representing of the 
possibilities of HR mediated integration in the target site. 
 








3.1 HEK-293H cell viability after transfection with 
the Green and Therapeutic Matrixes and the MN and 
the TALEN nucleases 
 
In order to investigate if the transfection with the TM (size 11,848) was affecting the viability 
of the cells, compared to the GM (size 7,440), samples were transfected with 4 µg of the GM 
or the TM alone or with 0.5 µg of the SH6v5-MN or 3 µg of the SH6-TALEN. Three days after 
transfection, the cell viability was compared among all conditions. As shown in Figure 34, 



























































Figure 34: The figure represents the viability corresponding to cells transfected with the two 
matrixes and the nucleases, at three days post-transfection. In all instances, the viability is 
represented by the proportion of DAPI-negative cells. 
 
Figure 33: This scheme represents the Therapeutic matrix (TM) which carries the FANCA gene driven 
by the EF1α promoter and followed by an E2A sequence and a puromycin resistant gene. This 
construct is flanked by the two HAs for the SH6 target site. 




3.2 MN and TALEN mediated targeted integration of 
the TM in the SH6 locus in HEK-293H cells  
 
In a next set of experiments we investigated the feasibility of performing targeted integrations 
of the TM in the SH6 site in HEK-293H cells. Transfected HEK-293H cells were plated in 96 
wells-plates, (10 cells per well) and several analyzed according to the protocol represented in 
Figure 24. 
When the GM was used, HR events were obtained with both nucleases, being the percentage 
of HR of 4% for the SH6v5-MN, and 1% for the SH6-TALEN. When the TM donor was used, HR 
percentages decreased to 1.8% for the MN and to <0.3% for the TALEN Figure 35. These 
results indicated that the use of a larger donor decreased the HR events. Nevertheless, were 































































Figure 35: A. The scheme represents the TM integrated in the SH6 locus. Blue arrows represent the 
pair of primers used in the PCRs performed to test the specific integration in the target site. The 
purple arrow indicates the size of the amplicon corresponding to the positive band in the PCR.B. HR 
percentages induced by the MN and the TALEN using the GM or the TM donors. The lined bar 
represents the condition transfected with TM with positive HR. C. Agarose electrophoresis gels 
showing positive bands, inside the green boxes, corresponding to HR events in the MN+GM 
condition. 
 




4. HOMOLOGOUS RECOMBINATION 
EXPERIMENTS USING SH6-MNs AND 
TALEN IN PRIMARY HUMAN CD34+ 
HEMATOPOIETIC PROGENITORS  
 
 
4.1 Analysis of Homologous Recombination mediated 
by nucleases in CD34+ hematopoietic progenitor cells 
subjected to cell sorting of EGFP+ cells 
 
In order to investigate the feasibility of performing targeted gene therapy in the SH6 locus of 
human HSCs, we designed the experimental protocol shown in Figure 36: Thawed cord blood 
(CB) CD34+ cells were pre-stimulated for 48 hours and then nucleofected with the MN or the 
TALEN plus the GM. Seven days after nucleofection, the percentage of EGFP+ cells was 
analyzed by FACS to determine the nucleofection efficiency. In order to enrich the targeted 
cells, EGFP+ cells were sorted. Methylcellulose assays were performed with the sorted cells 
and after 14 days, green colonies were picked. DNA from these colonies was extracted and PCR 
analyses were used to detect specific integrations. 
 
FACS
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Figure 36: Scheme of the protocol used in CD34
+
 Hematopoietic Progenitor Cells to induce HR 
mediated by SH6-nucleases. 
 




 Evaluation of the maximum amount of DNA to be 
nucleofected in CD34+ hematopoietic progenitor cells 
 
In order to evaluate the toxicity and the transfection efficiency of different amounts of DNA in 
CD34+ cells, 2, 5, 10 and 15 µg of an EGFP/Cherry plasmid or 2 µg of a control pmaxGFP 
plasmid were nucleofected into the cells. The viability and the percentage of EGFP+ cells were 
measured by FACS 48 hours after nucleofection.  
Cells nucleofected with 2 µg of the control of DNA (pmaxGFP) showed a viability around 70%, 
(Figure 37A) but in the rest of the conditions used the viability ranged between 33.6-51.1%, 
indicating that nucleofection with higher amounts of DNA reduced cell viability. The analysis of 
the fluorescence cells in the FACS showed a progressive increase up to 44.1% of fluorescent 
cells when the GFP/Cherry plasmid was used. Figure 37B.  
These results indicated that even a large plasmid of 6,222 bp can be introduce into CD34+ cells 





 CD34+ hematopoietic progenitor cells maintain their 
clonogenic capacity after nucleofection and sorting of EGFP+ 
cells with a control GFP/Cherry plasmid 
 
In subsequences experiments, CD34+ cells were nucleofected with 2 µg of pmaxGFP or with 5.0 
or 10.0 µg of the GFP/Cherry plasmid. Cells were grown in culture-media (see Materials and 
Methods) for seven days and then analyzed by FACS. As shown in Figure 38A, similar 




















































































































Figure 37: A. Viability of CD34+ cells (DAPI-) nucleofected with a control DNA (pmaxGFP, 3 kb) or 
with a large plasmid (6kb) carrying the EGFP and the Cherry reporter genes. B. Percentage of 
Fluorescent CD34
+
 cells corresponding to samples analyzed in A. 
 




nucleofection process with or without DNA was not affecting the proportion of CD34+ cells. 
Regarding the percentage of CD34+ cells that expressed GFP, we observed that the highest 
percentage (49.2%) of EGFP+ cells was obtained in cells nucleofected with 2 µg of pmaxGFP. 
GFP/Cherry nucleofected cells showed increasing percentages of GFP+ cells as the GFP/Cherry 
was increase up to 25% of EGFP + cells with the dose nucleofected (Figure 38A). 
CD34+/GFP+ cells were then sorted and methylcellulose assays were performed to test the 
toxicity and the proliferation integrity after the nucleofection and the sorting analysis. As 
shown in Figure 38B, the nucleofection process, particularly when high doses of the 
GFP/Cherry plasmid were used, affected the number of colonies. No effects were observed 
however in samples nucleofected with the 2 µg of pmaxGFP. In all instances, myeloid and 
erythroid colonies were obtained. 
These results indicated that although the nucleofection and sorting procedures reduced the 














































Figure 38: A. Percentages of CD34+ and GFP+ cells 7 days after nucleofection with the pmaxGFP or 





 cells seeded in methylcellulose. 
 




 Comparison of the efficacy of the SH6v5-MN delivered as 
DNA or mRNA in CD34+ cells 
 
To investigate the cytotoxicity induced by the SH6v5-MN as DNA or mRNA, CD34+ cells were 
nucleofected with two doses of SH6v5-MN: 5 or 10 µg of DNA, or 10 or 20 µg of mRNA. Two 
days after nucleofection, the number of cells of each condition was determined and 
represented as the ratio with respect to the number of non nucleofected cells (Figure 39A). 
The toxicity of cells only suffering the pulse, or nucleofected with either 2 µg of the pmaxGFP 
or with 10 µg of mRNA GFP (a nucleofection control of the mRNA) was around 0.4 (Figure 
39A). A higher toxicity was induced by SH6v5-MN used as DNA. Nevertheless, the 
nucleofection of CD34+ cells with the mRNA induced a lower toxicity, as compared with the 
DNA MN. 
Even more, the mRNA nucleofection seems to be more effective to transfect a most uniform 
cell population, as shown in Figure 39B, in which GFP mRNA control shows a concentrate 





































Figure 39: A. Survival rate of CD34+ cells after nucleofection with the nucleases delivered as DNA or 
mRNA. Columns inside the red square correspond to conditions nucleofected with DNA, and inside 
the green square, the conditions with the mRNA, which shows higher viability. B. The panel shows 
the controls of nucleofection, the pmaxGFP and mRNA of an EGFP reporter gene. 
 




Once we determined that the SH6v5-MN was less toxic when used as mRNA vs DNA, we tested 
if the mRNA SH6v5-MN was functional. The Surveyor assay shown in Figure 40 that the 
delivery of nucleases as DNA or as mRNA, induced cleavage in the SH6 site, and more markedly 
using the mRNA SH6v5-MN, represented by the higher intensity of the bands of 179 and 171 
bp Figure 40. 
These results indicate that the as mRNA SH6v5-MN is bot less toxic and more efficient when 
compared with the same MN used as DNA plasmid. 
  
 
 Selection of the pre-stimulation period required to activate 
the cell cycle status of the CD34+ cells 
 
Homologous Recombination is reported to be more efficient when cells are in the S/G2 phases 
of the cell cycle. In order to improve the efficiency of HR in CD34+ cells, cells were thawed and 
cultured in pre-stimulation media, and cell cycle was checked by FACS at 24, 48 and 72 hours 
of culture. As represented in Figure 41, after 48 hours in culture there was an increase of the 
percentage of cells in G2 and S phases compared to that observed at 24 and 72 hours. In view 
of these results, experiments of HR were performed in CD34+ cells after 48 hour of pre-
stimulation. 
C+IX IX
Figure 40: Surveyor assay 
analyses corresponding to the 
SH6v5-MN delivered as DNA or 
mRNA in CD34+ cells. The red 
arrows mark the more intense 
bands obtained in conditions 
nucleofected with the MN as 
mRNA. 
 








 Analysis of the HR events in CD34+ hematopoietic 
progenitor cells subjected to EGFP+ cell sorting 
 
Homologous Recombination experiments were performed using the SH6v5-MN following the 
scheme represented in Figure 36, accordingly to the steps described in the following points. 
Thawed CD34+ cells were cultured in pre-stimulation media for 48 hours. One million of cells 
per condition were then nucleofected with 4 µg of the GM alone or with the SH6v5-MN as 
DNA or as mRNA, or with the SH6-TALEN. Cells were maintained in culture-media, and the 
following analyses were performed. 
 
- Kinetics of CD34+/EGFP+ cells along the incubation of nucleofected 
cells 
In all instances most of the incubated cells remained positive for CD34+ expression in 
nucleofected cells. When EGFP analyses were conducted, similar results were obtained in all 
samples nucleofected with the GM, regardless of the presence of the nucleases. These results 
thus indicate that the EGFP fluorescence observed up to 4 days after nucleofection should be 
mainly due to the transient expression of non-integrated copies of the GM. 
 
 
















Figure 41: Pictures showing the proportion of CD34
+
 cells in G2 and S phases of the cycle after 24, 48 
or 72 hours of pre-stimulation. 
 








- Analysis of the clonogenic potential of EGFP+ nucleofected cells 
We also evaluated the clonogenic capacity of nucleofected cells. For this purpose, at 7 days 
post-nucleofection cells were counted and seeded in methylcellulose. Additionally, EGFP+ cells 
(4%-9%) were sorted from each condition and seeded in methylcellulose cultures as previously 





After 14 days in culture, the number of colonies generated in each condition was scored 
(Figure 44A). When the proportion of colonies per 105 cells was considered, we observed that 
the cell sorting reduced the number of colony forming units. The nucleofection of the 
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Figure 42: Flow cytometry analysis of CD34+ and EGFP+ cells after 48 hours (A.) or 4 days post-
nucleofection B. with the GM and the different nucleases. 
 
Figure 43: Analyses of the percentage of CD34+/EGFP+ cells, 7 days after nucleofection. 
 




in post-sorted cells, we realized that no differences were observed but for the mRNA MN 





- Analyses for specific integration in SH6 locus 
Nested-PCR was used to demonstrate that EGFP+ colonies carried a specific integration of the 
GM in the SH6 locus (see materials and methods). EGFP+ colonies were picked and their DNA 
extracted and Nested-PCR analyses were performed. Pseudoclones obtained from our 
previous experiments in HEK-293H cells were used as positive controls. The presence of a band 
of 1,571 bp, would be indicative of specific integrations of the GM in the SH6 site. 
Strikingly, none of the 24 EGFP+ colonies obtained in these experiments showed the presence 

















































Figure 44: A. Number of CFU/10
5
 cells obtained after 14 days in methylcellulose cultures. B. 
Percentage of EGFP+ colonies among the total number of colonies obtained. 
 







4.2 Homologous recombination experiments in the 
absence of EGFP+ cell sorting using SH6-TALEN and 
SH6v5-MN in CD34+ hematopoietic progenitors  
 
Data obtained in experiments shown in Figure 45, together with either observations from our 
collaborators showing that a high expression of the EGFP could be a consequence of the 
integration of more than one copy of the reporter gene in the SH6 site, or due to random 
integrations (Eyquem, Poirot et al. 2013), made us to consider the convenience of performing 
a new experimental protocol in which nucleofected cells expressing EGFP were not sorted. 
After 48 hours of pre-stimulation, one million of CD34+ cells were nucleofected per condition 
and maintained in culture-media. The proportion of EGFP+ cells was measured 2 days post-
nucleofection by FACS and primary populations was evaluated. Cells were counted and 
aliquots were seeded in methylcellulose plates. Additional aliquots were used to extract the 
DNA to also analyze by PCR for the presence of HR events. Colonies generated after 14 days in 
methylcellulose were counted, picked and the DNA extracted to perform Nested-PCR analyses 















Figure 45: A. The scheme represents the 
Nested PCR strategy. Purple arrows 
represent the pair of primers 
corresponding to the first PCR (Nested1) 
and the blue ones, those corresponding 
to the second one. B. 1% TBE agarose 
gel shows the results after the Nested 
PCR. The green square marks the 
positive band at 1,571 bp in the positive 
control. C. Fluorescence microcopy 
picture showing an example of a EGFP+ 
colony. 
 









 Analysis of HR in CD34+ hematopoietic progenitor cells not 
subjected to pre-EGFP+ cell sorting 
 
One million of pre-stimulated CD34+ cells were nucleofected with 4 µg of the GM alone or 
either with 2.5 µg of SH6v5-MN, used as DNA or mRNA, or with 2.5 or 5 µg (total amount of 
both subunits) of SH6-TALEN as DNA. Cells were maintained in the culture media and analyzed 
as described in Figure 46. 
 
- Viability and transfection efficiency 
In order to evaluate the toxicity of the nucleases the viability of nucleofected cells was 
measured by FACS at 4 days post-nucleofection. As shown in Figure 47, all the nucleofected 
conditions showed a slightly lower viability compared to Control non-nucleofected cells. 
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Figure 46: Scheme of the new protocol to promote nucleases mediated HR in the SH6 site in CD34
+
 
hematopoietic progenitor cells. 
 








With respect to the EGFP expression, nucleofected cells showed 20- 40% of EGFP expressing 
cells. These percentages were similar to the ones obtained in previous experiments, indicating 
the consistency of our experimental protocol to electroporate CD34+ cells 
These results show that the electroporation of CD34+ cells with the nucleases and the GM was 
slightly toxic for the nucleofected cells, with an acceptable delivery and expression of the 
transgene. 
 
- Maintenance of the stem cell primitiveness 
To analyze if our cells were affected by the different manipulations (thawing, nucleofection, 
DNA delivery, expansion…), we measured by FACS different stem cell subpopulations following 
the protocol proposed by Dr. J. Dick (Doulatov, Notta et al. 2012). We also analyzed whether 
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Figure 47: A. Viability of the cell culture (DAPI negative cells) at 4 days post-nucleofection measured 
by FACS. B. Percentages of EGFP
+
 cells determined at 4 days post-nucleofection. 
 
Figure 48: Scheme of the FACS analyses to evaluate the HSPC compartments according to the 
protocol proposed by Doulatov et al. (Doulatov, Notta et al. 2012). 
 




As shown in Figure 48, we identified two different HSC subpopulations in our electroporated 
samples. The most primitive with a long term repopulating ability (Hematopoietic Stem 
Progenitor Cells) [HSPC] (CD34+/38-/45RA+/CD90+) and Multipotent Progenitors (MPP) 
(CD34+/38-/45RA+/CD90-), with short-term repopulating ability. 
With respect to the long term repopulating cells, percentages of 5 to 10%, were observed, 
similar than those observed in the control non-electroporated sample (14%). EGFP+ HSPC 
percentages were among 2-4% of the total population and, depending on the condition, 16% 
to 46% of the HSPC cells were EGFP+, indicating that a significant proportion of the HSCs 
carried the GM. The percentage of MPPs present in the nucleofected cells was lower, as 
compared to the HSPCs (3-6%). However, the proportion of EGFP+ cells within this population 
was similar to the proportion of EGFP+ cells found in the HSPC fraction. These results indicated 






- Study of the specific integration of the GM in SH6 locus in the pool of 
nucleofected CD34+ cells and in methylcellulose colonies 
Four days post-nucleofection, cells were counted and part of the cells was seeded in 
methylcellulose assays to generate hematopoietic colonies. Picked colonies and the pool of 
nucleofected cells were analyzed by Nested PCR. 
As shown in Figure 50, in the total nucleofected population a band of 1,571 bp, corresponding 
to the specific integration of the GM in the SH6 site was observed in most cases, even in the 




















































































Figure 49: A. Percentages of HSC (blue bars) and EGFP+ HSC (green bars) in the pool of cells, 4 days 
post-nucleofection. Percentages above the green bars mean the percentage of HSC that were EGFP+. 
B. Percentages of MPP (blue bars) and EGFP+ MPP (green bars), and the percentages of MPP that 
were EGFP+. 
 






After 14 days, colonies from methylcellulose assays were counted and around 200 colonies per 
condition were picked, DNA extracted and analyzed by Nested-PCRs. The number of total 
colonies generated in each condition nucleofected was similar with the exception of the 
condition in which 5 µg of TALEN was used, in which a lower number of colonies were 
obtained (Figure 51A).  
As shown in Figure 51B, when we performed the Nested-PCR in picked colonies, only one 
colony that corresponded to the 5 µg of SH6-TALEN condition was positive. This indicated the 
presence of a specific integration in SH6 locus in one primary hematopoietic progenitor cell, 







Figure 50: A. TBE agarose 
gel shows the 1,571 bp 
band, marked with the 
red arrow, indicative of 
the specific integration of 
the GM in SH6 locus. The 
most intense band 
corresponds to the 5 µg 
of SH6-TALEN. B. the 
scheme shows the 
binding sites of the pair 
of primers used for the 
specific PCR for the SH6 
site. 
 









- mRNA synthesis of the SH6-TALEN by cloning an 3´UTR from the β-
globin gene 
 
In order to limit the toxicity induced by the nucleofection of the 5 µg of the SH6-TALEN, the 
only condition in which targeted integration took place in CD34+ cells, we aimed to synthesize 
this as mRNA nuclease. This synthesis could be difficult because of the long size of this 
nuclease. For this reason we cloned the 3´UTR from the β-globin gene in our plasmid, as it has 
been reported that this sequence stabilizes the RNA of the β-globin gene. 
In order to test if the SH6-TALEN mRNA was active, CD34+ cells were nucleofected with the 
TALEN either as DNA or as mRNA either harboring or not the 3´UTR (Figure 52A). As shown in 
Figure 52A, the viability of the cells was increased up to 3 times (around 70% of viability) 
compared to the DNA-TALEN condition. Moreover, the surveyor assays showed that the 
percentage of insertions-deletions (INDELS) generated by the mRNA TALEN was always higher 
compared to the DNA TALEN.  






















































Figure 51: A. Number of colonies/10
5
 cells generated after nucleofection with the conditions shown 
in Figure 50. B. The agarose gel electrophoresis displays the result of the Nested-PCR which shows a 
positive band inside the purple square. 
 










These results allowed us to conclude that the use of the SH6-TALEN synthetized as mRNA with 
the 3´UTR was less toxic and more active in CD34+ hematopoietic progenitors. Thus we 
decided to use this 3´UTR mRNA TALEN in the next experiments. 
 
 Analysis of the efficacy of the nucleofector device to 
mediate HR in CD34+ cells with MNs and TALEN 
 
While in all the previous experiments we used the AMAXA Device I, in a new set of 
experiments we investigated the toxicity and nucleofection efficacy of the new AMAXA 
nucleofector device 4D instead of the device I used in previous experiments. 
 
- Comparison of nucleofection efficiency between Strips and Cuvettes 
In order to choose the more efficient approach, we performed a comparative analysis between 
































































































































SH6-TALEN with 3 UTR
Figure 52: A. Scheme of the plasmid used to synthesize the mRNA from the TALEN. The T7 promoter 
drives the synthesis of the SH6-TALEN. The 3´UTR structure is expected to stabilize this mRNA. B. 
Viability of nucleofected CD34+ cells with the TALEN as mRNA and as DNA. C. Efficiencies of the 
nucleases delivered in different configurations. 




nucleofected in the cuvettes, with 2 µg of the nucleofection Control pmaxGFP, and increasing 
doses of the donor GM (4, 5 and 8 µg). 100,000 of CD34+ cells were nucleofected in the strips 
with 1 µg of pmaxGFP or 0.8, 1.0 or 1.6 µg of the GM. 
When we compare the viability obtained in cells nucleofected in the cuvettes and strips, higher 
survival rates were obtained with the strips (Figure 53A). With respect to the percentage of 
EGFP+ cells, similar percentages (60-66%) were obtained when the pmaxGFP was used. When 
the GM was used, the percentages were higher for the cuvettes (42-50%) in contrast to the 





With respect this result, we decided to perform the following experiments using the cuvettes. 
. 
- Homologous Recombination experiments using Cuvettes: increased 
nucleofection efficiency 
Based on data showing higher percentages of EGFP+ cells when the cuvettes were used, we 
performed additional experiments using SH6-TALEN and the GM. 
One million of CD34+ cells per condition were nucleofected with GM alone or with 5 µg of the 
SH6-TALEN as total plasmidic DNA or total mRNA.  
Two days after nucleofection, the viability of the cells was around 40% in all nucleofected 













































































































































Figure 53: A. Cell viability (DAPI-) comparison between cuvettes and strips platforms. Cytometry 
analyses were performed 2 days post-nucleofection. B. Nucleofection efficiency comparison 
between, the two platforms. 
 








The phenotype of the HSPCs at days 2 and 7 after nucleofection was analyzed by FACS. Similar 
results to the previous experiments (Figure 49) were obtained, showing a higher HSC 
population compared to MPP. Both of them contained subpopulation that expressed the EGFP 
transgene, (Data not shown). These results indicate that most of the primary cell carried the 
GM and suggested that a high percentage of them could have it integrated in the genome. 
Nucleofected cells were also plated in methylcellulose assays and after 14 days colonies were 
picked and the DNA was extracted and analyzed for specific integrations in the SH6 locus by 
Nested-PCR. Focusing in the number of colonies, similar results were obtained compared with 
previous experiments (¡Error! No se encuentra el origen de la referencia.), since no 
differences in the number of colonies among all the nucleofected conditions were generated. 
The number of colonies in nucleofected cells was always lower compared with the control, 
revealing a negative effect of the nucleofection with either of DNA or mRNA in the progenitor 
cells.  
Unexpectedly, none of the colonies showed the specific integration of the GM in SH6 locus. 
Although the nucleofection efficiency obtained with the cuvettes was similar to that of 
previous experiments performed in the device I, no gene targeting of the GM in the SH6 site 
was obtained.  
In a new experiments, one million of CD34+ cells were nucleofected with increasing doses of 
the SH6-TALEN as total DNA or total mRNA (with or without the 3´UTR) in order to force the 
delivery of the nucleases as an attempt to improve the HR efficiency.  
One day post nucleofection, the viability and percentage of EGFP+ cells were analyzed by 



























































Figure 54: A. Viability of the cells 2 days post-nucleofection. B. EGFP+ percentages are shown. 
 









DNA from the pool of cells was analyzed by specific PCR and positive bands were obtained in 
the 5 µg DNA TALEN and the 3`UTR mRNA TALEN conditions. No band was obtained neither in 
GM alone nor in the no 3´UTR-mRNA condition Figure 55B. 
The HSPCs phenotype present at day 2 after nucleofection showed a higher HSC population 
compared to the MPP. Both of the subpopulation showed a low percentage of EGFP+ cells, as 





















































































































































Figure 55: Viability (DAPI-, blue 
panel) and the percentage of the 
EGFP+ cells (green panel) at 24 
hours post nucleofection (A) B. 
The agarose gel shows the 
positive bands indicating specific 
integration in SH6 locus in the 
pool of cells nucleofected with 
the GM and the different 
nucleases. 
 




Nucleofected cells were also plated in methylcellulose assays and after 14 days colonies were 
scored, picked and the DNA was extracted and analyzed for specific integrations in SH6 locus 
by Nested-PCR, 200 CFUs per condition. Again, none of these colonies showed the specific 
integration in SH6 locus (Data not shown). Focusing in the number of colonies, similar numbers 
were observed among all the nucleofected conditions (Data not shown). 
Taken together, the results obtained with the Amaxa 4D indicated that this device was less 
efficient than the AMAXA Device I mediating HR in CD34+ cells, at least with the MNs and 
TALEN used for the integration of the GM in the SH6 locus (Figure 51). 
 
 Improvement of the Homologous Recombination of the GM 
in the SH6 locus of the CD34+ cells using AMAXA I 
nucleofector system 
 
Because de 4D device, either with strips or cuvettes used did not improve the efficiency of HR 
as compared with the AMAXA I, new HR experiments with the AMAXA Device I were 
conducted again with the GM and the SH6-TALEN used as mRNA or as DNA. 
One million of CD34+ cells were nucleofected in each condition with 4 µg of the GM either 
alone, or with 10 µg of the SH6-TALEN as 3´UTR mRNA or with increasing doses of the TALEN 
as DNA, 2.5, 5 or 10 µg.  
At 2 days post nucleofection the viability and the percentage of EGFP+ cells were measured by 
FACS. Data in Figure 56A showed a progressive decrease in the cell viability as the dose of DNA 
was increased, even when the mRNA TALEN was used. Percentages of EGFP+ cells were similar 
and around 60% (53.4% to 75.3%) for all the conditions (Figure 56B). DNA from the pool of 
cells was analyzed by specific Nested-PCR and a positive band was obtained for all the 
conditions in which cells were nucleofected with nucleases, indicating the presence of HR 
events in the pool of cells. No band was obtained in non nucleofected cells (Control) or in cells 
only nucleofected with the GM. 







Nucleofected cells were plated in methylcellulose assays four days after nucleofection. After 
14 days, colonies were scored, picked and the DNA was extracted and analyzed for specific 
integrations in the SH6 locus by Nested-PCR.  
Once again, a similar number of colonies was obtained in all the nucleofected conditions. (Data 
not shown) 
With respect to the gene targeting, two positive colonies were obtained when cells were 
nucleofected with the 5 µg of the DNA TALEN, indicating a HR frequency of 1.04%. Six positive 
colonies among 192 were obtained when the TALEN dose was increased to 10 µg of DNA, 
indicating that the HR frequency was 3.13%. No HR was observed in the colonies when the 







































































































Figure 56: A. Viability of 
nucleofected cells (DAPI-), 
and B. Percentage of EGFP+ 
cells at 24 hours post 
nucleofection. C. The agarose 
gel shows the positive bands 
in the conditions with 
nuclease, indicating specific 
integration in SH6 locus in the 
pool of cells. 
 








Taken together, these final results indicate that AMAXA I device constitutes an adequate 
delivery method to induce HR in CD34+ cells, particularly when cells are nucleofected with the 
GM and with relative high doses of TALEN DNA (5-10 µg). The nucleofection did not affect the 




























































Figure 57: A. HR percentages induced by the SH6-TALEN using the GM alone or with the TALEN. B. 
Agarose electrophoresis gels showing positive bands, inside the purple boxes, for HR events from 
DNA obtained from CFUs. 
 





















55 10 - <1% 
MN mRNA 
0.1µg 
60 10 - <1% 
TALEN 
DNA 1µg 





55 10 - <1% 





50 15 No <1% 
TALEN 
DNA 5µg 




55 18 No <1% 
TALEN 
RNA 5µg 




















Table 9: Summary of the different nucleases and doses employed in HR experiments in CD34
+
 cells 
using AMAXA Device 4D. The percentages of viability and EGFP+ population and the HR events 
induced are represented. 
 














75 20 Yes <1% 
MN RNA 
2.5µg 75 40 Yes <1% 
TALEN 
DNA 2.5µg 
75/40 40/60 Yes/Yes <1%/<1% 
TALEN 
















Table 10: Summary of the different nucleases and doses employed in HR experiments in CD34
+
 cells 
using AMAXA Device I. The percentages of the viability and EGFP
+
 cells and of the HR events induced 
are represented. The square includes the experiments positive for gene targeting in the SH6 locus 
with the GM in colonies. 







































Como se comentó en la introducción, la anemia de Fanconi es una enfermedad rara que se 
caracteriza por malformaciones congénitas, inestabilidad genética y predisposición al cáncer. 
Sin embargo, la principal causa de muerte en esta enfermedad es el fallo de médula ósea. 
También se ha comentado que en los últimos años la terapia génica con el uso de LV ha tenido 
un gran desarrollo, habiendo sido aplicada exitosamente a diferentes inmunodeficiencias y 
otras enfermedades monogénicas. De hecho, un LV con el gen terapéutico FANCA ha sido 
desarrollado por nuestro laboratorio y aprobado como medicamento huérfano por la Comisión 
Europea, con el que se está llevando a cabo un ensayo clínico. 
A pesar de todo esto, el principal problema de los LVs sigue siendo la posibilidad de generar 
fenómenos de mutagénesis y oncogénesis insercional. Es por esto que se siguen investigando 
nuevas estrategias para perfeccionar la inserción de los genes terapéuticos en sitios específicos 
del genoma, por ejemplo mediante el uso de nucleasas. Estas nucleasas, TALEN, 
meganucleasas, ZFNs y CRISPR/Cas9 son capaces de generar dobles roturas en el ADN en una 
secuencia definida lo cual limitaría el riesgo de mutagénesis insercional.  
En este trabajo se ha investigado el uso de meganucleasas y TALEN para estudiar facilitar la 
inserción específica de genes marcadores y terapéuticos, particularmente el gen FANCA, en 
una nueva región del genoma. 
 
1. EXPERIMENTOS DE EDICIÓN GÉNICA 
EN CÉLULAS HEK-293H 
 
La línea celular HEK-293H se caracteriza por su fácil manejo, su alto tasa de proliferación y su 
facilidad para ser transfectada utilizando, por ejemplo, Lipofectamina. Esto la convierte en una 
célula muy adecuada para testar la eficiencia de las nucleasas cedidas por nuestros 
colaboradores de Cellectis. Estas nucleasas, dos meganucleasas isoesquizómeros, SH6v5 y 
SH6v2, y una TALEN, tienen como diana determinadas secuencias dentro del sitio seguro 
determinado SH6. Para facilitar la edición génica se empleó un plásmido matriz, al que hemos 
denominado GM, que contenía el marcador EGFP controlado por el promotor EF1α largo, 
caracterizado por inducir una expresión estable. El promotor y el gen EGFP estaban 
flanqueados por secuencias homólogas a la secuencia del SH6. 
En primer lugar testamos la funcionalidad del matriz GM en las células transfectando 4 µg de 
este plásmido frente a otro plásmido portador de los genes marcadores GFP/Cherry (Figure 
23). En ambas condiciones se observó un alto porcentaje de fluorescentes, indicando una 
buena funcionalidad de ambas construcciones. Sin embargo, el porcentaje era superior en las 
células transfectadas con la matriz GM, por lo que un número de copias que habían sido 




transfectadas por célula probablemente fuera mayor. El porcentaje de células EGFP+ fue 
disminuyendo con el paso del tiempo hasta su completa desaparición, lo que podría deberse a 
la degradación del ADN no integrado en el genoma de la célula. Podemos concluir que nuestra 
matriz se transfecta fácilmente en las células, pero no se integra por sí mismo a pesar de llevar 
los brazos de homología. 
Respecto a los experimentos de edición génica, comenzamos comparando las dos MNs 
diseñadas para el sitio SH6 y usando la GM como molde para la recombinación homóloga. En 
primer lugar analizamos si a medida que pasaba el tiempo, el pool de células transfectadas 
mantenía un porcentaje estable de células EGFP+, lo cual sería una medida indirecta de la 
integración de la matriz en el genoma. Se comprobó que, tras 24 días en cultivo, el 4% de las 
células eran EGFP+ en la condición en la que se usó la SH6v5-MN, cuatro veces más que en las 
demás condiciones, lo que podría ser indicativo de que las meganucleasas facilitan la 
integración específica de la GM en el sitio SH6.  
Respecto a las eficiencias de las meganucleasas para inducir HR, se ha publicado un trabajo 
que refiere a una meganucleasa con especificidad para el sitio SH6. Eyquem et al. trabajaron 
con tres meganucleasas con especificidad para tres loci diferentes, entre ellos el SH6. 
Consiguieron eficiencias de entre un 1-2% para este sitio seguro trabajando con un molde 
consistente en un plásmido con un EGFP (flanqueado por brazos de homologías de 1 kb en 
lugar de 1,5kb) en células HEK-293H, siguiendo el mismo protocolo de transfección y análisis y 
usando dosis de MN más bajas o similares a las nuestras (0,03 y 0,3 µg) (Eyquem, Poirot et al. 
2013). En nuestro caso conseguimos eficiencias de recombinación homóloga, con el 
isoesquizómero SH6v5-MN, de entre 4,5% y 15%. Teniendo en cuenta que tras la transfección 
de las células se siembran 10 células por pocillo, y estimando una frecuencia de clonaje del 
30%, las eficiencias que obtendríamos serían de entre un 1,5% y un 5%, un poco mayores que 
las que ellos proponen. 
Nuestros colaboradores de Cellectis también nos cedieron una TALEN con especificidad por el 
SH6, por lo que comparamos esta SH6-TALEN con la SH6v5-MN en HEK-293H para verificar 
cuál de las dos resultaba ser la más eficiente. En primer lugar comprobamos cuál de las dos era 
más activa utilizando el ensayo Surveyor con la dosis optimizada de la MN y varias dosis de la 
TAEN (Figure 29). Ambas nucleasas presentaron actividades similares en estas células, puesto 
que las dos bandas adicionales mostraban intensidades similares entre las distintas 
condiciones. En la dosis más alta de la TALEN se observó que la actividad de la nucleasa es algo 
menor que con dosis más bajas. Esto podría deberse al efecto citotóxico generado por las altas 
dosis de la TALEN. Posteriormente se analizó el porcentaje de células EGFP+ en el total de 
células transfectadas, comprobándose a día 34 post-transfección que con las dosis de 0,5, 3,0 y 
10 µg de TALEN el porcentaje de células expresando EGFP era 2 veces mayor que la condición 
transfectada sólo con la GM y 1,4 veces más que en las células transfectadas con la MN. Como 
se discutió anteriormente, esto es una medida indirecta de la integración de la GM mediada 
por las nucleasas, lo que sugeriría que la TALEN podría ser más eficiente respecto a las MNs. 
A la hora de comparar de forma directa la eficiencia de cada nucleasa, se obtuvieron 
porcentajes similares tanto con la MN como con los 0,3, 3,0 y 10 µg de TALEN: de 15 al 20% (5-
6,6% teniendo en cuenta el 30% de frecuencia de clonaje). 




Cabe destacar que, en algunos experimentos en los que las transfecciones fueron mayores y la 
actividad de corte de la nucleasa fue mucho más alta, los porcentajes de HR bajaron de forma 
considerable. Esto vincula un corte muy alto de la nucleasa con la citotoxicidad y, por tanto, 
con la bajada de eficiencia de la recombinaión homóloga. En vista de los resultados obtenidos 
se eligieron para continuar trabajando dosis de 3 µg de TALEN. Por otra parte, para establecer 
comparaciones en la eficiencia de la TALEN frente a las MNS es necesario tener en cuenta que 
para una determinada cantidad de TALEN hay que poner el doble de ADN que con la MN, y de 
un plásmido más grande, pues la TALEN funciona como heterodímero. 
Después de haber calculado la eficiencia aproximada de nuestras nucleasas con especificidad 
para el SH6, establecimos pseudoclones de los pocillos que contenían células editadas 
específicamente para llevar a cabo más estudios. Comprobamos la expresión de EGFP a 
tiempos más prolongados después de la transfección, para evaluar su estabilidad y la 
funcionalidad del transgén integrado en el sitio seguro SH6, así como que la integración 
realmente se había llevado a cabo de forma específica en el SH6 (Figure 27 y Figure 31). 
En algunos casos se observó que no todos los pseudoclones resultaron positivos a la PCR 
específica (Figure 31). Esto podría ser debido a la naturaleza heterogénea de los pseudoclones, 
y a la potencial citotoxicidad generada por las nucleasas. Así mismo comprobamos que no 
todos los pseudoclones mantenían la expresión de EGFP probablemente también debido a la 
naturaleza heterogénea de los pseudoclones.  
También se observó que la intensidad de expresión del EGFP variaba de un pseudoclón a otro. 
Esto lo explicaría el número de copias que integradas en el SH6, (este número de copias se 
discutirá en el párrafo de la discusión de los resultados del Southern). La expresión de un 
trangén depende tanto del locus en el que se integre como del promotor que controla su 
expresión, de modo que si en estos pseudoclones hubiera más de una copia del transgén 
integrada, la intensidad de expresión del mismo aumentaría. En el trabajo de Eyquem et al., 
compararon la eficiencia de MNs con dianas en tres genes distintos, entre ellos el SH6, y 
estudiaron la expresión del EGFP del donador en estos tres loci usando tres promotores 
diferentes, entre ellos el EF1α (que lleva un intrón) usado en nuestro trabajo. Comprobaron 
que la elección del promotor tenía una gran importancia sobre la expresión del transgén en un 
determinado locus. El promotor EF1α convencional (sin intrón) no permitió expresión del EGFP 
en ninguno de los loci estudiados para clones con una única copia pero los promotores SFFV y 
el EF1α + intrón (como el usado en nuestro trabajo) sí que permitieron que el transgén se 
expresara en los tres loci. Sin embargo, el nivel de esta expresión era diferente en función del 
locus, de modo que el EF1α + intrón mostró una menor intensidad en la expresión del transgén 
en los tres loci, sobretodo en el SH6, comparado al nivel conseguido por el promotor SFFV, 
aunque esta expresión era considerablemente más uniforme con el promotor EF1α + intrón 
(Eyquem, Poirot et al. 2013). La menor expresión del transgén observado en el locus SH6, se 
debe sobre todo a que se trata de una región no activa transcripcionalmente por tratarse 
precisamente de un desierto genético. Según la base de datos ENCODE, en esta región del 
genoma en 7 líneas celulares, la histona 3 está muy poco acetilada y su lisina 4 débilmente 
metilada. Este tipo de modificaciones están relacionadas con una cromatina poco permisiva 
para la expresión de un transgén (Yan and Boyd 2006, Eyquem, Poirot et al. 2013). Los bajos 
niveles de expresión en el SH6 no supondrían sin embargo un problema en el desarrollo de 




protocolos de terapia génica con el gen FANCA de la anemia de Fanconi, puesto que se ha 
estudiado que bajos niveles de expresión de este gen son suficientes para revertir el fenotipo 
de células AF-A (Gonzalez-Murillo, Lozano et al. 2010). 
Para comprobar la especificidad de la interación de la GM en el sitio SH6, realizamos ensayos 
de Southern blot usando como sonda el EGFP marcado radiactivamente con P32. Los 
pseudoclones fueron digeridos con BamHI, que tiene una diana dentro de la matriz y otra en el 
genoma, y que en caso de integración específica debería dar una banda de 3.946 pb. En un 
primer Southern, [en el experimento de comparación de las SH6-MN (SH6v2 y SH6v5), 
mostrado en la Figure 28], se analizaron los 7 pseudoclones que fueron positivos para 
integración específica según la PCR. Seis de los 7 mostraron una banda del tamaño correcto (1, 
2, 4, 5, 6 y 7), indicando integración específica en el sitio SH6. Sin embargo, 4 de estos 
pseudoclones mostraron una banda adicional más grande, de aproximadamente 7.242 pb. El 
pseudoclón 3 no mostró ninguna banda a pesar de ser positivo para la PCR. Sin embargo, este 
pseudoclón fue el que presentó un nivel de expresión de EGFP más bajo, de modo que la 
ausencia de banda podría deberse a la baja proporción de células editadas en este pseudoclón 
y que la técnica no fuera capaz de detectarlo (Figure 27). En el experimento de comparación 
entre la SH6v5-MN y la SH6-TALEN se lograron establecer varios pseudoclones, 7 de los cuales 
se analizaron por Southern blot como en el caso anterior (Figure 32). Esta vez, de los 7 
pseudoclones, 3 presentaron tanto la banda esperada como la más grande (2, 3 y 7), los 
mismos pseudoclones que presentaron niveles altos o intermedios de expresión de EGFP y que 
fueron de nuevo positivos para la PCR específica. Sin embargo, uno de estos clones, el 6, que 
había sido positivo para la PCR específica, no presentó banda, coincidiendo de nuevo con el 
hecho de ser el pseudoclón con el menor porcentaje de células EGFP+ (un 16,2%) (Figure 31). 
Con respecto a la banda de 7.242 pb, ésta podría deberse a la formación de concatémeros del 
donador, en nuestro caso la GM, durante el proceso de integración mediada por HR. Este 
fenómeno ya ha sido observado en otros trabajos. Por ejemplo, Lombardo et al. 
nucleofectaron linfocitos T con ZFN y un IDLV donador y comprobaron al realizar el análisis de 
Southern que aparecían bandas adicionales de mayor tamaño al esperado (Lombardo, Cesana 
et al. 2011). También en el trabajo de Eyquem et al. en el que usaron MNs para tres loci 
diferentes, entre ellos el SH6, observaron este fenómeno (Eyquem, Poirot et al. 2013), que 
además iba acompañado de un mayor nivel de expresión del transgén, como se ha observado 
en nuestro trabajo. 
Por último, realizamos un estudio comparativo de eficiencias de integración específica con 
nuestras nucleasas utilizando otro donador portador del gen FANCA junto con el gen de 
resistencia a puromicina. Mientras que el tamaño total de la matriz GM fue de 7.440 pb, el de 
la matriz terapéutica, la TM, era de 11,848 pb lo que sin duda podría limitar la eficacia delas 
nucleasas y de la transfección además de incrementar la citotoxicidad. Por este motivo 
comparamos la viabilidad de las células transfectadas con la matriz GM frente a las 
tranfectadas con la matriz TM solas, o junto a la MN o la TALEN (Figure 34). En estos 
experimentos se observó que no inducía una toxicidad importante por la combinación 
nucleasa + GM. 




Cuando comparamos eficiencias de HR con las dos matrices, sólo obtuvimos eventos de HR con 
la matriz TM cuando la combinamos con la MN, siendo la eficiencia de HR la mitad a la 
obtenida usando la matriz GM (Figure 35). Esto es consistente con la evidencia de que 
donadores más grandes son menos eficientes a la hora de integrarse por HR en el genoma. 
Con la TALEN sólo se obtuvieron células editadas genéticamente cuando se combinó con la 
matriz GM, pero no con la terapéutica. Esto podría sugerir que la TALEN no es tan eficiente 
como la SH5v5-MN para inducir HR con el donador terapéutico. 
Para comprobar la funcionalidad de la matriz terapéutica una vez integrada en el SH6, serían 
necesarios experimentos complementarios en los que se analizase la expresión de la proteína 
mediante Western blot con un anticuerpo anti-3flag (marcador que lleva el FANCA de la matiz) 
para testar la expresión de este transgén. No sería de utilidad un anticuerpo anti-FANCA 
porque esta línea celular ya lo posee porque no proviene de un paciente. La realización 
experimentos de edición génica en células obtenidas de pacientes, por ejemplo LCLs y células 
CD34+, facilitaría demostrarla funcionalidad de la matriz terapéutica, pues su correcto 
funcionamiento revertiría el fenotipo enfermo y les conferiría resistencia frente a agentes 
generadores de entrecruzamientos en el ADN, tales como MMC. 
 
2. EXPERIMENTOS DE EDICIÓN GÉNICA 
EN CÉLULAS PROGENITORAS 
HEMATOPOYÉTICAS CD34+ 
 
Una vez que se comprobó en la línea celular HEK-293H que tanto la SH6v5-MN y la SH6-TALEN 
eran capaces de generar células editadas en las que el donador GM se insertaba 
específicamente en el sitio seguro SH6 con baja citotoxicidad, decidimos trabajar en 
prognitores hematopoyéticos CD34+ de sangre de cordón . 
La célula diana ideal para enfermedades monogénicas que afectan al sistema hematopoyético, 
y por supuesto, para pacientes con anemia de Fanconi serían las células progenitoras 
hematopoyéticas, como las CD34+. En la introducción, concretamente en la Table 2, están 
resumidos todos los ensayos clínicos de terapia génica de enfermedades monogénicas del 
sistema hematopoyético llevados a cabo, incluidos en anemia de Fanconi, en algunos de los 
cuales se usaron estas células como diana. En concreto, la existencia de pacientes mosaico en 
esta enfermedad, en los que una mutación espontánea en una células madre hematopoyética 
es capaz de revertir el fenotipo de Fanconi, debido a que dota a estas células de una ventaja 
proliferativa que le permite crecer y diferenciarse hasta repoblar todo el sistema 
hematopoyético del paciente, convierte a estas células en la diana perfecta para llevar a cabo 
la terapia génica (Gross, Hanenberg et al. 2002, Antonio Casado, Callen et al. 2007). Además, 
teniendo en cuenta que la terapia génica dirigida minimiza el riesgo de producir oncogénesis 
insercional en las células tratadas y que ya existe un antecedente en el que fibroblastos de 
pacientes de Fanconi han sido editados usando ZFNs y un donador como IDLV (Rio, Banos et al. 
2014), pensamos que ya había una base sólida que indicaba que la terapia génica con 




nucleasas en células CD34+ podía funcionar y tener, para la AF, perspectivas de aplicación 
terapéutica. 
En primer lugar decidimos llevar a cabo una serie de análisis para comprobar la integridad de 
las CD34+ durante el protocolo para llevar a cabo la edición génica. Las células madre 
hematopoyéticas son células delicadas cuyas propiedades pluripotentes pueden verse 
afectadas por factores externos, ya sean las condiciones de cultivo in vitro, como la 
citotoxicidad producida tanto por los métodos de transfección empleados o por la acción de 
las nucleasas o el ADN transfectado. El hecho de que sólo haya dos trabajos publicados en los 
que se hace edición génica por recombinación homóloga en precursores hematopoyéticos 
CD34+ es una prueba más de la dificultad y el reto que entraña trabajar con estas células 
(Genovese, Schiroli et al. 2014, Hoban, Cost et al. 2015). 
Uno de los primeros análisis que llevamos a cabo fue testar cuánto ADN podían soportar las 
células, nucleofectándolas con el device I del AMAXA, usando dosis crecientes de un plásmido 
con dos genes reporteros, GFP y Cherry. En general, las células soportaron sin problemas el 
efecto de la nucleofección y hasta 15 µg de este ADN, aunque a mayores dosis la toxicidad 
aumentó y los niveles de expresión transitoia de los genes marcadores iban disminuyendo 
(Figure 37B).Cuando nucleofectamos las células con las nucleasas y 4µg del donador GM, 
obtuvimos buenas viabilidades y mejores porcentajes de células que expreasban el transgén 
EGFP de nuestro donador, indicando la viabilidad de nuestra aproximación. 
El mantenimiento de la capacidad para diferenciarse a los linajes mieloide y eritroide resulta 
de suma importancia en la función de las CMHs, pues en ella se basa la terapia génica de 
enfermedades monogénicas. Por este motivo, realizamos análisis para comprobar si las células 
que habían sido nucleofectadas con la matriz GM, y después sorteadas (CD34+/EGFP+), 
mantenían esta capacidad. Se observó que, aunque el número de colonias era menor que en 
células no manipuladas, se obtenían colonias diferenciadas en linajes hematopoyéticos 
mieloide y eritroide, lo que confirmaba el mantenimiento de su capacidad clonogénica a pesar 
de todo el proceso, tal y como se muestra en la Figure 38. 
El uso del separador celular nos resultó interesante, en un principio, como medio para 
enriquecer las células nucleofectadas, pues las células que expresaban el EGFP varios días 
después de la nucleofección serían células que contenían el donador GM y que, por tanto, 
podrían ser las que con mayor probabilidad podrían integrarlo en el sitio seguro SH6. Se 
obtuvieron colonias de los dos linajes y algunas de ellas expresaban el EGFP. Estas colonias 
EGFP+ se picaron y se analizaron mediante una reacción de PCR para identificar aquellas en las 
que el EGFP se había integrado de forma específica en el SH6. Sin embargo ninguna de estas 
colonias dio positivo a este studio. Esto nos llevó a pensar que tuvieran integraciones off-
target que resultaran en una alta expresión del transgén. El SH6 es un sitio hipercompactado 
en el que no se espera que se produzcan estas expresiones tan altas de los genes integrados. 
Esto también está contemplado en el trabajo de Eyquem et al. (Eyquem, Poirot et al. 2013). 
También podría ocurrir que el transgén expresado de manera trans, y que, por tanto, al 
analizar las colonias el resultado fuera negativo. 
Otro factor a tener en cuenta para el mantenimiento de la pluripotencialidad de las CD34+es la 
combinación de citoquinas empleados para el mantenimiento de las células durante todo el 




proceso de edición génica. Los estímulos agresivos que las CD34+reciben, como la 
nucleofección o el cultivo in vitro, o la citotoxicidad generada por la entrada de ADN puede 
inducir la diferenciación de los progenitores. En los trabajos publicados sobre edición génica de 
células CD34+ se han utilizado unas condiciones diferentes de cultivo. Hoban et al. utilizan ZFNs 
para el tratamiento SCD y en su cultivo usan medio X-VIVO 15 con 50 ng/mL de hSCF, hTPO y h 
Flt3-L y, aunque no realizan estudios de poblaciones, sí comprobaron que las células editadas 
se diferenciaban al linaje eritropoyético mediante cultivos de metilcelulosa, obteniendo un 
número de colonias similar al que nosotros hemos obtenido en nuestro proceso de edición 
génica (Hoban, Cost et al. 2015). Genovese et al. emplearon medio StemSpan con P/S y 100 
ng/mL de hSCF y hFlt3-L junto con 20 ng/mL hTPO y hIL-6. Estos autores observaron que la 
adición al medio de cultivo de 1 µM de SR1 y 10 µM de dmPGE2 aumentaba la capacidad de 
autorrenovación de las CD34+, así como de reconstituir la hematopoyesis a largo plazo en 
ratones NSG (Genovese, Schiroli et al. 2014). En nuestro caso hemos utilizado una combinación 
diferente de citoquinas consistente en StemSpan con P/S y 300 ng/mL de hSCF, hTPO y hFlt3-L. 
Como se muestra en la Figure 49, en los experimentos llevados a cabo se observó que hasta un 
11% de la población nucleofectada pertenecía a la subpoblación de CMHs más primitiva, y 
hasta un 4% de la población total era además positiva para EGFP, indicando que al menos el 
donador GM se expresaba al menos de forma transitoria en células con comportamiento de 
CMHs. 
La nucleofección suele ser el método de elección para introducir ADN y ARN en células madre 
hematopoyéticas si no es posible hacerlo con LVs. Aunque el tamaño del ADN es un factor 
importante para las dos técnicas, cuando la secuencia codificante de la nucleasa o del propio 
casete donador es superior a unas 5 kb, la producción de LV se ve seriamente afectada. Por 
este motivo, nucleofectar nucleasas y matrices mediante la electroporación de ADN plasmídico 
nos pareció eñ método de elección por el gran tamaño de las TALEN, y por el del gen 
terapéutico de FANCA que constituye nuestra matriz terapéutica. Sin embargo, el aspecto más 
negativo de la nucleofección radica en que el proceso daña a las células y también limita la 
cantidad de ADN que podemos introducir. En el experimento mostrado en la Figure 50 y la 
Figure 51 se consiguió editar células CD34+ usando 5 µg de SH6-TALEN tal como indica la PCR 
específica en el conjunto de células nucleofectadas, así como en una de las colonias obtenidas 
después del ensayo clonogénico. El principal inconveniente de los resultados de este 
experimento fue la gran toxicidad observada en dicha condición, principalmente debido a la 
gran cantidad de ADN nucleofectado para introducir las dos subunidades de la TALEN, y el 
propio proceso de nucleofección. Esto nos hizo pensar en otras alternativas para intentar 
reducir el daño que nuestra metodología generaba a estas células, como por ejemplo sintetizar 
la TALEN como un mRNA y cambiar del nucleofector Device I al 4D de Lonza. 
La nucleofección o transfección de las nucleasas como ARNm cada vez tiene más aplicación en 
la terapia génica dirigida. Su uso elimina el riesgo de la mutagénesis insercional y disminuye la 
probabilidad de que se produzcan off-targets debido a que tiene una vida media más corta que 
el ADN. Esto permite que el tiempo en el que la nucleasa es activa en la células es más bajo, 
disminuyendo así su citotoxicidad, (Maggio and Goncalves 2015, Skipper and Mikkelsen 2015). 
Sin embargo, sintetizar ARNm de nucleasas complejas y de mayor tamaño, como por ejemplo 
de las TALEN, es complicado, pues secuencias tan largas son inestables y se degradan con 
facilidad. Por este motivo clonamos el 3´UTR de la β-globina tras la secuencia que codifica la 




TALEN, para sintetizar un ARNm más estable (Ji, Kong et al. 2011), Además, ya existen trabajos 
en los que se han empleado las TALEn como ARN para editar linfocitos T (Poirot, Philip et al. 
2015). Después de clonar esta secuencia en los plásmidos que codificaban las subunidades de 
la SH6-TALEN con el promor T7, el ARNm se sintetizó y se comprobó la actividad de la nucleasa 
tras haber sido nucleofectada en las células CD34+. Se comparó su actividad con otro ARNm 
sintetizado de plásmidos sin esta secuencia nucleofectando los progenitores y analizando la 
actividad de la nucleasa por el Surveyor assay (Figure 52). La nucleasa nucleofectada como 
ARNm con la secuencia 3´UTR era más activa en comparación con la misma nucleofectada 
como ADN o sin el 3´UTR de la β-globina. Además, la viabilidad observada después de la 
nucleofección era de hasta 3 veces superior en las condiciones tratadas con la nucleasa como 
ARNm que como ADN. Estos resultados sugieren que la región 3´UTR estabiliza el ARN, lo que 
aumentaría el tiempo de vida y actividad de la nucleasa, traduciéndose en una mayor cantidad 
de corte en comparación al ARN que no contiene esta secuencia. Sin embargo, en ninguno de 
los experimentos de edición génica llevados a cabo en en este trabajo en el que se ha usado la 
TALEN como ARNm en células CD34+ se consiguió introducir el donador GM en el SH6. En 
Genovese et al. nucleofectaron células CD34+ con 175 µg/mL de ZFN como ARNm utilizando 
como donador un IDLV consiguiendo HR en el gen IL2RG. En el estudio de Hoban et al. las 
células CD34+ fueron nucleofectadas con dosis crecientes de ARNm (10-30 µg/mL) de ZFNs 
específicos para cortar a ambos lados de la mutación que origina la SCD en el gen de la β-
globina. Finalmente trabajaron con dosis de 10 µg/mL de ARNm de ZFN, que les permitía un 
equilibrio entre la edición génica y la viabilidad celular. Si comparamos estos trabajos con el 
nuestro, comprobamos que en el caso del grupo de Genovese, las dosis de ARNm empleadas 
son mayores que las nuestras, pero no en el caso del trabajo de Hoban, de modo que la dosis 
empleada no tendría por qué ser un problema. Además, si comparamos los nucleofectores, 
nosotros hemos empleado el mismo equipo que Genovese con resultados negativos. Esto nos 
lleva a pensar que la diferencia estriba en el gen que queremos editar, pues nosotros 
trabajamos en el SH6 que, como comentamos anteriormente en la discusión de las 293H, se 
trata de una región hipermetilada (Eyquem, Poirot et al. 2013), lo que podría dificultar el 
acceso de la nucleasa a esta región. Las células progenitoras fueron editadas únicamente al 
utilizarse la SH6-TALEN como ADN a dosis más altas. Esto permitiría que la nucleasa fuera 
expresada durante más tiempo en la célula y. En esto hay que tener en cuenta que las células 
progenitoras se caracterizan por no tener un ratio de división y proliferación muy alto, hecho 
que se considera una dificultad para editar por HR estas células por no pasar muchas veces por 
la fase S del ciclo celular, donde es más probable que la HR tenga lugar y donde además la 
cromatina está menos compactada, lo que facilitaría el acceso de la nucleasa al SH6. 
Respecto al nucleofector empleado, nosotros sólo conseguimos editar las células CD34+ con el 
Device I de AMAXA, usando para ello una dosis más alta de SH6-TALEN como DNA y sin sortear 
las células que expresaban EGFP. Debido a la toxicidad que se generaba, decidimos probar el 
nucleofector 4D, caracterizado por ser menos agresivo que el anterior. Testamos tanto las 
cubetas como los strips, nucleofectando 106 células CD34+ en las cubetas y 105 con los strips. 
Como estas células son difíciles de obtener, decidimos probar los strips para facilitar el trabajo 
con las mismas. Sin embargo, tal y como se muestra en la Figure 53, con las cubetas 
obteníamos unos porcentajes de eficiencia de nucleofección del molde GM del 45-60%, similar 
a los obtenido con el Device I, y con viabilidades similares. Se realizaron varios experimentos 




con esta plataforma, incluso incrementando las dosis de nucleasa (tanto como ADN como 
ARNm), pero en ningún experimento con el nucleofector 4D observamos colonias editadas de 
forma específica con la matriz GM. Esto indicaba que, con este nucleofector, la eficiencia de las 
nucleasas era menor aun manteniendo todas las condiciones del protocolo iguales. Algo que 
observamos durante el desarrollo de este trabajo es que, entre todos los experimentos 
realizados, las eficiencias de nucleofección eran más reproducibles con el Device I que con el 
4D (entre el 45-60%), dato que hemos comprobado es imprescindible como buen pronóstico 
para el éxito del proceso de edición génica. Aquellos experimentos en los que este porcentaje 
era menor no se observaba eventos de HR. En vista a los resultados obtenidos decidimos 
utilizar el Device I, observando eventos de edición génica tanto en el conjunto de las células 
nucleofectadas como en colonias individuales en las condiciones en las que se usaron dosis de 
5 y 10 µg de ADN total de la SH6-TALEN.  
Una explicación que aclare por qué el nucleofector 4D no funciona con nuestro protocolo 
podría ser por la metodología que utilizamos para introducir las nucleasa y el molde. El grupo 
de Genovese et al. nucleofecta la nucleasa como ARNm, pero como molde usa un IDLV, 
mientras que nosotros un plásmido que nucleofectamos junto con las nucleasas. Esto podría 
estar reduciendo la eficacia de las nucleasas para inducir HR. 
Con respecto a las eficiencias de edición génica en el SH6, hay 3 puntos a tener en cuenta: la 
PCR específica en el pool de células, en las colonias, y con qué nucleasa tiene lugar la edición 
génica. Se analizaron en el pool de células la presencia de edición génica en el SH6 con el 
donor GM como control de funcionalidad del experimento. Una ausencia de la misma indicaría 
que sería muy poco probable observar integración específica en el SH6 en las colonias. Sin 
embargo, su presencia no implica que también se observen en las colonias, pues estas células 
con integración específica en el SH6 podrían formar parte de la población más diferenciada, de 
modo que en los ensayos de metilcelulosa no generarían colonias y no se observarían 
resultados positivos en las mismas. Esto explicaría también que en los análisis de actividad de 
las nucleasa se observe corte en las células en el sitio diana pero no eventos de edición génica. 
Además, sólo se han observado colonias con integración específica con la matriz GM en las 
condiciones nucleofectadas con dosis altas de la SH6-TALEN, mientras que en los experimentos 
llevados a cabo en HEK-293H se observaron porcentajes similares de eficiencia para las dos 
nucleasas, pero no en CD34+. Esto resulta curioso puesto que, teniendo en cuenta que el SH6 
es un desierto genético fuertemente compactado (Eyquem, Poirot et al. 2013), cabría esperar 
que una nucleasa más pequeña, como esta meganucleasa, tuviera mejor acceso a la diana que 
una TALEN, que es más grande. Lo que sí está claro es que cómo esté la cromatina afecta al 
acceso de la MN, de la matriz de reparación (en nuestro caso la GM) y de la maquinaria de 
reparación al sitio diana, y está aceptado que el contexto cromosómico y la epigenética 
afectan la edición génica inducida por las MNs (Daboussi, Zaslavskiy et al. 2012). También se 
ha publicado un trabajo en el que se ha visto que metilaciones en dinucleótidos CpG en las 
dianas de las MNs en el genoma afecta a su afinidad y a su eficiencia (Valton, Daboussi et al. 
2012). El conjunto de estas circunstancias podrían ser las causantes de que no se hayan 
conseguido editar las células CD34+ con nuestro donador GM. 




Respecto a los porcentajes de edición génica observados en este trabajo, pensamos que no 
son comparables con los otros dos trabajos publicados en CD34+. En estos trabajos los 
porcentajes de edición génica son superiores a los que nosotros hemos conseguido. Sin 
embargo es importante tener en cuenta que no sólo utilizan una nucleasa diferente (ZFNs), 
sino que la aproximación también es diferente, puesto que ambos utilizan como molde un 
IDLV y en Hoban et al,. además, un oligonucleótido. Pero quizá la diferencia más importante 
radica en que ellos trabajan en genes distintos al utilizado en nuestro trabajo que además 
permiten una mejor expresión, mientras que el SH6 es un desierto genético. Las diferencias de 
eficiencia de las nucleasas varían mucho en función del gene diana con el que se trabaja. 
 
3. OTROS ASPECTOS A TENER EN CUENTA 
 
 
Uno de los puntos importantes a la hora de llevar a cabo la edición génica es la metodología 
que hemos de emplear para conseguir que tanto las nucleasas como el molde que se integrará 
en el sitio diana por recombinación homóloga, entren de forma eficiente dentro de la célula. 
IDLVs, plásmidos y ARNm son las plataformas más utilizadas para conseguir este objetivo. Sin 
embargo, el ARNm sintetizado in vitro de las nucleasas es cada vez más usado para la mayoría 
de estas aplicaciones. Que tenga una menor vida media dentro de las células posibilita que la 
acción de las nucleasas sea más limitada en el tiempo, disminuyendo la citotoxicidad en las 
células y la posibilidad de off-targets. Aunque en este trabajo se ha utilizado esta 
aproximación, también se han empleado ADN plásmídico para la introducción de las nucleasas. 
El principal motivo es que las TALEN son muy grandes y, además de que sería complicado 
obtener un título aceptable a la hora de producir LVs, se ha visto que es muy frecuente la 
recombinación entre las secuencias repetitivas del dominio de unión al ADN de las TALEN 
durante la producción de los mismos (Holkers, Maggio et al. 2013). Su tamaño también sería 
un problema para sintetizarla como ARNm, pero añadiendo la secuencia 3´UTR de la β-globina 
se consiguiría estabilizalo. Sin embargo, en este trabajo no se han observado eventos de 
edición génica utilizando la SH6-TALEN como ARNm, aunque su actividad era incluso más alta 
en el sitio diana que la observada con la introducida como ADN plasmídico. El hecho de que el 
SH6 sea una región del genoma hipercompactada, junto con la vida media menor de la TALEN 
como ARNm podría ser determinante para estos resultados. También cabe la posibilidad de 
que se necesite una mayor cantidad de ARNm, pues en otros trabajos las dosis utilizadas eran 
mayores (Genovese, Schiroli et al. 2014). 
Con respecto al donador, lo más utilizado siguen siendo los IDLV, aunque se ha visto que su 
uso puede estar asociado con eventos de recombinación ilegítima adicional (Holkers, Maggio 
et al. 2014). En este trabajo se utilizaron plásmidos debido a la necesidad de un soporte que 
pudiera contener una gran cantidad de ADN, pues el gen FANCA con el que se pretende la 
aproximación terapéutica en AF es muy grande (4.365 pb) y, junto con el promotor, el gen de 
resistencia o reportero y los brazos de homología alcanzaría un tamaño de 9.518 pb. Tanto con 




el donador GM como con el TM se observaró integración específica en las HEK-293H, y con la 
GM en las células CD34+, demostrando la funcionalidad de este soporte. 
Trabajar con el SH6 entraña una cierta dificultad debido a que se trata de un desierto genético 
que está hipercompactado, y más metilado que otras regiones que están más abiertas porque 
están transcribiéndose. Esto supondría un problema para el acceso de las nucleasas al sitio 
diana, así como a la maquinaria de reparación del ADN. Sin embargo, en las células HEK-293H 
se ha conseguido la integración específica de ambos donadores con ambas nucleasas con una 
expresión estable. En las células CD34+ se consiguió empleando la SH6-TALEN como ADN y la 
matriz GM, aunque no se observó la expresión del transgén EGFP en las colonias positivas. Sin 
embargo, esta baja expresión no tiene por qué ser un problema, puesto que está estudiado 
que bajos niveles de expresión de la proteína FANCA son suficientes para revertir el fenotipo 
de la enfermedad (Gonzalez-Murillo, Lozano et al. 2010). 
Una posible alternativa para mitigar la influencia de esta cromatina tan compactada sería el 
uso de agentes demetilantes como el AZA antes de la nucleofección. Tal y como 
comentábamos antes, cuando los dinucleótidos CpG en las dianas de las MNs en el genoma 
están metilados, afecta a su afinidad y a su eficiencia y observaron que la adición del AZA su 
eficiencia aumentaba (Valton, Daboussi et al. 2012).  
Otro punto que también cabe destacar es que el objetivo de este trabajo, tal como su título 
indica, era el desarrollo de nuevas alternativas terapéuticas para tratar la anemia de Fanconi. 
La terapia génica dirigida se basa en la utilización de la maquinaria interna que la célula usa 
para reparar su ADN para introducir un gen reportero o terapéutico exógenos por 
recombinación homóloga, en este caso en el SH6. Esto es importante en una enfermedad que 
está caracterizada por tener deteriorada su maquinaria de reparación del ADN. Aunque no se 
tiene demasiado claro cuál es exactamente la función de cada uno de los genes implicados en 
la ruta, excepto BRCA2, cuya ausencia claramente afecta a la recombinación homóloga, sí que 
se sabe que mutaciones en los genes que forman partes del Core-complex, como FANCA, 
tienen un efecto más leve, permitiendo esta estrategia terapéutica (Xia, Taghian et al. 2001, 
Nakanishi, Cavallo et al. 2011). Además, existen trabajos publicado en los que se ha 
conseguido hacer edición génica en células de Fanconi, como se describe en el punto 3.3 de la 
Introducción: “Gene editing and Fanconi anemia”. 
Más experimentos tienen que llevarse a cabo con el protocolo diseñado en este trabajo. En 
células CD34+ sería interesante intentar comprobar si hay off-target después del proceso de 
edición génica. Debido a la limitación que supone el número de células, una posible estrategia 
podría ser generar iPS desde un número de células nucleofectadas, de forma que pudieran 
crecer indefinidamente y obtener un número de células sufuciente para hacer pruebas como 
Southern blot. También, como se comentó en la discusión de las HEK-293H, sería interesante 
probar nuestro donador terapéutico en células obtenidas de pacientes, como LCLs, o interferir 
células CD34+ para simular en las mismas el fenotipo de Fanconi. 
 
 


































1. We have constructed a Green Matrix donor carrying the EGFP reporter gene driven by 
the EF1α promoter, flanked by homology arms to the SH6 safe harbor locus. 
 
2. We have demonstrated the specific integration of the Green Matrix in the SH6 site of 
HEK293-H cells using specific meganucleases and TALEN. In some instances, however, 
concatemeric insertions of the Green Matrix in the SH6 were observed. 
 
3. In vitro studies showed that the integration of the Green Matrix in the SH6 site of 
HEK293-H cells allows the stable expression of the EGFP reporter gene. 
 
4. We have constructed a Therapeutic Matrix, in which the FANCA and the puromycin-
resistant genes replaced the EGFP reporter gene in the Green Matrix. 
 
5. We have demonstrated the specific integration of the Therapeutic Matrix in the SH6 
site of HEK293 cells using the SH6v5-meganuclease. 
 
6. Studies conducted in primary CD34+ cells from human cord blood have shown that, 
under our optimized conditions, 3.1% of the human hematopoietic progenitor cells 
harbor specific integrations of the Green Matrix in the SH6 locus. 
Taken together, our results suggest that the SH6 site may constitute a relevant new safe 
harbor locus for conducting targeted gene therapy in human hematopoietic progenitors and 
stem cells. Our observations would have a particular impact in diseases such as Fanconi 
anemia, in which the proliferation advantage of a reduced number of corrected stem cells may 
have a significant clinical impact.  
Further studies aiming to demonstrate the stable expression of therapeutic genes inserted in 
the SH6 locus would be required, however, prior to consider our targeted gene therapy 
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